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Abstract  

The overall goal of this thesis was to advance intraspinal microstimulation (ISMS) towards 

clinical testing for the purpose of restoring walking after spinal cord injury. ISMS implants focus 

on restoring mobility after spinal cord injury by activating the intact spinal motor networks 

below the injury. This is done by delivering electrical stimulation to the ventral horns of the 

lumbosacral enlargement through implanted microelectrodes, and activating the motoneuronal 

pools controlling the leg muscles. Preclinical studies have shown that by tapping into the spinal 

cord motor networks, ISMS can activate synergistic leg muscles across single or multiple joints. 

This is shown to be the case even after a complete spinal cord injury. Combining the functional 

synergies using physiologically-based control algorithms has allowed ISMS to produce balanced 

weight-bearing standing and over-ground walking. Standing and walking produced by ISMS are 

significantly more fatigue-resistant than those produced with intramuscular electrical stimulation. 

Collectively, these results suggest that ISMS has potential to become an effective intervention 

for restoring leg mobility after a complete spinal cord injury. 

 This thesis aimed to move ISMS closer to clinical testing by addressing two main 

questions: 1) What are the design specifications for chronic ISMS implants in humans? 2) Where 

should the ISMS implants be placed in the human spinal cord for functional success? The first 

question was addressed with a focus on the requirements for mechanical stability of ISMS 

implants in the spinal cord. The biomechanics of the spine and spinal cord near the implant 

region was studied in domestic pigs as a model for the human spinal anatomy. The critical forces 

for dislodging implanted electrodes were also measured. Based on this information, design 

specifications for mechanically stable implants were provided. 
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While the second question is best answered by direct investigation of the functional 

organization of the motoneuronal pools (functional map) in the lumbosacral enlargement of 

humans, this thesis took an intermediate step. The functional map of the lumbosacral 

enlargement was obtained in non-human primates for the first time. Results showed that ISMS 

can produce functional leg movements in monkeys, similar to those studied in smaller animals. 

They also suggest that the relative organization of the motoneuronal pools in the functional maps 

of monkeys is similar to those known for cats. The findings demonstrated that the functional 

maps are preserved across species. Therefore, the maps from the monkeys and cats will guide the 

first clinical tests of ISMS.  

In preparation for the first clinical testing of ISMS, a spinal-stereotactic-system was also 

developed for accurate placement of ISMS implants in the human spinal cord. This system is 

mounted onto the subject’s spine to minimize relative movement between the implanted 

electrode and the stereotactic system. It also utilizes intraoperative ultrasound imaging for target 

selection and guidance of the implantation trajectory. The targeting accuracy of this stereotactic 

system for implants into the ventral horns was found to be <0.32 mm. This system will be used 

for the first clinical tests of ISMS for walking.  

Finally, the effect of a common clinical neurosurgical anesthetic protocol on the motor 

responses to ISMS was investigated. Understanding the effect of anesthesia on the evoked 

responses to ISMS is critical for optimal placement of its microelectrodes. It is also important for 

the correct interpretation of the intraoperative responses to ISMS, especially in human studies. 

Therefore, a comparison was made between the effect of a common clinical neurosurgical 

anesthetic protocol and those of two anesthetic protocols commonly used in preclinical studies. 

Results demonstrated that a clinical total intravenous anesthesia (TIVA) protocol with propofol 
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allows ISMS to produce strong movements with large ranges of motion. The responses produced 

under this clinical protocol were also not different from those produced under the most common 

preclinical anesthesia (pentobarbital) used in ISMS studies. Taken together, these results suggest 

that clinical TIVA protocol with propofol is a suitable anesthetic protocol for use in humans. It 

also suggests that clinical intraoperative observations would be comparable with those in the 

preclinical literature.  

Collectively, this thesis proposed mechanical design specifications for chronic ISMS 

implants in large animals and addressed the requirements for the first clinical testing of ISMS.  
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Chapter 1. Introduction 
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The overall goal of this thesis project was to advance the development of an implantable spinal-

cord-neuroprosthesis towards clinical implementation for restoring lower limb mobility after 

spinal cord injury. This chapter provides an overview of spinal cord injury and the existing and 

emerging interventions for improving standing and walking after injury. It also describes the 

scope and specific aims of this thesis project. 

 

1.1 Spinal Cord Injury 

A spinal cord injury (SCI) can be defined as any temporary or permanent injury to the spinal 

cord parenchyma or the nerves in the spinal canal (NSCISC National Spinal Cord Injury 

Statistical Center 2018a; “WHO | Spinal Cord Injury” 2013). SCI is a serious and complex injury 

which may lead to a range of physical and mental health complications for the individual. 

Depending on the severity and location of injury, the affected individuals may have physical 

complications such as the loss of sensation and motor control in the limbs, difficulty or inability 

to breathe (Berlowitz, Wadsworth, and Ross 2016), bowel and bladder control issues (Hicken, 

Putzke, and Richards 2001; Glickman and Kamm 1996), and autonomic dysfunction (Karlsson 

2006; Benevento and Sipski 2002). People with SCI may also be affected by mental health 

conditions such as depression, anxiety disorder, post-traumatic disorder, and grief (Migliorini, 

Tonge, and Taleporos 2008; Fann et al. 2011; Turner et al. 2002; Klyce et al. 2015; Arango-

Lasprilla et al. 2011; Charlifue and Gerhart 1991).  

SCIs can be classified into complete or incomplete injuries depending on the absence or 

presence of sensorimotor function below the level of the injury. The cervical region of the cord is 

the most common region for SCIs in the United States, (~54%) followed by the thoracic (~35%), 

lumbar (~10%), and sacral (0.4%) levels (National Spinal Cord Injury Statistical Center 2017). 
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One of the most commonly used clinical assessment scales for the classification of SCIs is the 

ASIA impairment scale (AIS). This scale classifies injuries into 5 groups depending on the type 

(sensory or motor) and strength of the remaining functions (Kirshblum et al. 2011). In 2015-

2017, approximately 30% of the people with SCI had a complete injury at the time of discharge 

from the hospital in the United States (National Spinal Cord Injury Statistical Center 2017).  

SCIs can occur as a result of traumatic incidents such as vehicular accidents, falls, acts of 

violence (NSCISC National Spinal Cord Injury Statistical Center 2018b), or non-traumatic 

pathologies such as cancer, spinal stenosis, and ischemia (McKinley, Seel, and Hardman 1999). 

In Canada, it is estimated that the traumatic etiology of SCI constitutes 51% of the total 

prevalence (Noonan et al. 2012).  In 2012, it was estimated that ~85,000 people live with SCI in 

Canada, with an annual incidence rate of ~4000 people (Noonan et al. 2012).  

With the advances in medicine and the care pathways for people with SCI in the 

developed countries over the past few decades, the survival rates and the life expectancy of 

people with SCI have improved (McCaughey et al. 2015; Savic et al. 2017; Shavelle et al. 2015). 

Similarly over the past few decades, the age at the time of injury has also been increasing in the 

developed world (NSCISC National Spinal Cord Injury Statistical Center 2018b; Montoto-

Marqués et al. 2017; Kriz et al. 2017). For instance, in the United States, the mean age of injury 

has increased from 29 to 42 years since the 1970s  (NSCISC National Spinal Cord Injury 

Statistical Center 2018b). This is an important trend to consider, since the age at the time of 

injury has been suggested to be an important factor for the prognosis of the SCI, with older 

population having comparatively worse outcomes (M. J. DeVivo et al. 1990; Ahn et al. 2015; 

Gwak et al. 2004).  
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The global trends of SCI, however, may be heading in a different direction. The world 

health organization estimates that road traffic accidents will become the third or fourth cause of 

disability in the world by 2030 (from 9th place in 2004) due to an increasing number of vehicles 

in developing countries (McCaughey et al. 2015; Mathers and Loncar 2006; World Health 

Organization 2004; “WHO | Metrics: Disability-Adjusted Life Year (DALY)” n.d.). This may 

lead to an increased prevalence of individuals with SCI worldwide and a different makeup of the 

population with SCI in the developed and developing countries.  

SCI also has a significant economic burden for the health care system and the people 

affected by it. A survey in Alberta, Canada, found that healthcare cost for treatment of SCI 

ranges from $40,000-$120,000 in the first year post-injury followed by an annual cost of $2,800-

$5,400, in the next five years (expenses estimated based on the 2002 Canadian dollar value). The 

life-time economic burden for a person living with traumatic SCI in Canada is estimated to be 

~1.5-3.0 million dollars depending on the type of SCI (2013 Canadian dollar value) (Krueger et 

al. 2013).  

 

1.1.1. Improving Quality of Life for People with SCI 

Living with a complex and multi-faceted condition such as SCI requires adaptations to social, 

economical and health-related challenges (Kunj 2016). Examples include unemployment (Krause 

and Anson 1996; Lidal, Huynh, and Biering-Sørensen 2007; Krause and Anson 1997), changes 

to the relationships with family and friends (Kreuter 2000; Scelza et al. 2007; Michael J. DeVivo 

et al. 1995; Westgren and Levi 1994; Chan, Lee, and Lieh-Mak 2000), loss of autonomy and 

necessity for a caregiver (Kunj 2016), persistent risk for secondary health-complications (e.g., 

pressure ulcers (Byrne and Salzberg 1996; Regan et al. 2009), deep vein thrombosis 
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(Mackiewicz-Milewska et al. 2016), etc.), and the health-risks posed onto the caregivers 

(Weitzenkamp et al. 1997; Ünalan et al. 2001; Arango-Lasprilla et al. 2010; Schulz et al. 2009).  

Given the complexity of the impact of this condition on the life of people with SCI, it is 

important to include their point of view in planning research endeavours that aim to improve 

their quality of life.  

Multiple studies have surveyed the priorities of people with SCI for recovery. In these 

surveys, people with quadriplegia considered upper limb function, sexual function, bladder, 

bowel and autonomic function, walking function, and trunk stability as their top priorities for 

recovery (Anderson 2004; Collinger et al. 2013; Simpson et al. 2012; Mattu 2017). Top priorities 

of people for paraplegia for recovery were walking function, bowel and bladder function, sexual 

function, and trunk stability (Anderson 2004; Collinger et al. 2013; Simpson et al. 2012; Mattu 

2017). .  

The focus of this thesis project was on the recovery of standing and walking after SCI, 

one of the most frequently expressed priorities of people with paraplegia (Anderson 2004; 

Collinger et al. 2013). 

 

1.2 Interventions for Restoration or Improvement of Standing 

and Walking after SCI 

This section describes the interventions for restoring standing and walking for people with SCI, 

in three categories: rehabilitation paradigms, orthoses, and neuroprostheses. In this section, 

standing and walking is limited to functional leg movements for standing and stepping and does 

not include balance.  Balance requirements are fulfilled by the use of assistive devices such as 

crutches or walkers. 
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1.2.1 Rehabilitation strategies 

Conventional rehabilitation paradigms for improvements of standing and walking after SCI have 

traditionally focused on the prevention of secondary complications such as contractures (Nas et 

al. 2015) and training standing and walking using compensatory strategies (Behrman and 

Harkema 2007). Examples of these compensatory strategies are strengthening muscles with 

spared neural control, learning compensatory movement strategies, and use of assistive devices. 

For people with motor incomplete SCI, these paradigms also include over-ground gait training 

(Lucareli et al. 2011). Conventional over-ground gait training involves standing and walking 

exercises with the help of assistive devices/setup (e.g., walker or parallel bars) and therapists as 

needed (Behrman and Harkema 2007). 

 More recent rehabilitation strategies involve repetitive task-dependent training of the 

nervous system with sensory input, aiming to induce functional neuroplastic changes across the 

injury site in the spinal cord (Lam et al. 2007; Dietz and Müller 2004; Behrman and Harkema 

2007). An example of such training strategy for improvements of walking is locomotor training, 

also known as body weight supported treadmill training (BWSTT), or Laufband therapy. In the 

BWSTT paradigm, the individual is trained to step on a treadmill belt with their body weight 

supported (Smith and Knikou 2016). BWSTT paradigms were motivated by preclinical studies 

that had demonstrated improvements in walking, in animals with SCI that had undergone step 

training on treadmill (Leon et al. 1998; Lovely et al. 1986; Barbeau and Rossignol 1987). 

Specific methods and parameters for implementation of BWSTTs vary in the literature in 

treadmill speed, intensity of the training, length of training, type of assistance (e.g. manual and 

robotic), and amount of assistance (partial, complete, resistance) (Yang and Musselman 2012). 
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An advantage of robot-assisted BWSTT over manual-assisted BWSTT is that it does not require 

multiple therapists to help each individual perform the training (Hesse et al. 2003). 

Both the conventional over-ground walking exercises (Dobkin et al. 2006; Field-Fote and 

Roach 2011; Nooijen, Ter Hoeve, and Field-Fote 2009) and BWSTT (Lam et al. 2007; Dobkin et 

al. 2006; Field-Fote and Roach 2011; Nooijen, Ter Hoeve, and Field-Fote 2009) can significantly 

improve walking after SCI, and their improvements are similar in terms of walking speed, 

distance, and functional independence. Both training paradigms have shown effectiveness in 

improving walking measures in sub-acute and chronic stages of SCI (Dobkin et al. 2006; 

Alexeeva et al. 2011; Schwartz et al. 2011). The limitation of these interventions however, is that 

their effectiveness for improving over-ground walking is limited to individuals with motor 

incomplete injuries (AIS-C and AIS D) (Yang and Musselman 2012). 

Effectiveness of BWSTT can vary depending on the level of assistance provided for 

stepping. A randomized clinical trial in people with chronic motor incomplete SCI showed that, 

unlike manual BWSTT, complete robotic-assistance for BWSTT did not result in a significant 

improvement in walking (Field-Fote and Roach 2011). One difference between these two 

protocols is that the metabolic cost of training is lower for stepping with complete assistance 

compared to manual assistance (Israel et al. 2006). It is also important to note that under 

conditions of complete assistance, individuals’ movements may lack mindfulness and voluntary 

drive, which has been suggested to be an important factor for reorganization of the sensorimotor 

cortex (Lotze et al., n.d.; McDonnell et al. 2015; L. Jaeger et al. 2014).  

More recently, another rehabilitation training paradigm for improvements of walking 

after an SCI was examined by Zhou et al (Zhou et al. 2018), in which individuals were trained by 

cycling as opposed to walking. Zhou et al (Zhou et al. 2018), demonstrated that leg cycling with 
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the assistance of functional electrical stimulation may lead to improvements in walking that are 

similar to those obtained with rehabilitation paradigms focusing on walking exercises. Moreover, 

they showed that simultaneous training of the arms and legs in cycling exercises with the 

assistance of functional electrical stimulation, increased the improvements in walking further. 

The contribution of training the arms to the improvements in walking performance is thought to 

occur as a result of training the propriospinal networks controlling the upper and lower limbs 

(Kawashima et al. 2008) and strengthening the corticospinal connections to the networks 

controlling the lower limbs (Zhou et al. 2017). Similar to the above-mentioned paradigms this 

study also focused on individuals with motor incomplete injuries. 

  It is also important to consider that improvements in walking performance are not the 

only beneficial aspect of the rehabilitation trainings for walking (Audrey L. Hicks and Ginis 

2008). Improvements in cardiovascular health (S. M. Phillips et al. 2004; Ditor et al. 2005), 

psychological health, and life satisfaction (Semerjian et al. 2005; A. L. Hicks et al. 2005) have 

also been reported for people participating in these training paradigms. 

 

1.2.2 Orthoses for the restoration of standing and walking 

The application of modern orthoses for standing and walking after paralysis dates back to 1970s 

and 1980s, with hip-knee-ankle-foot orthoses such as the hip guidance orthosis (HGO) (Major, 

Stallard, and Rose 1981), reciprocating gait orthosis (RGO) (Douglas et al. 1983), and Steeper’s 

orthosis (also known as advanced reciprocating orthosis or ARGO) (Jefferson and Whittle 1990). 

All three examples have braces that extend from the middle of the trunk down to the feet and 

allow flexion and extension movements of the hips, while the knees and ankles are locked 

(Jefferson and Whittle 1990). These orthoses were used in conjunction with assistive devices 



 
 

9 

such as crutches (Major, Stallard, and Rose 1981; Butler, Major, and Patrick 1984). Movement 

of the hips (right and left) are independent in HGO, while in RGO and ARGO, their movements 

are reciprocal: when one is in extension, the other moves into flexion and vice versa. The 

reciprocal hip function is implemented in these orthosis using one or two cables connecting the 

right and left hip braces (Jefferson and Whittle 1990). Unlike HGO and RGO, ARGO allows for 

a transition from sitting with the knees flexed, to standing (Jefferson and Whittle 1990). Since 

utilization of these orthoses is only possible in conjunction with assistive devices, their 

application is limited to people with paraplegia. 

 Despite the functional benefits provided by gait orthoses, their usage did not become 

widespread among people with SCI. This has been attributed to the high energy cost of their use 

(Bernardi et al. 1995) and their weakness in cosmetic appearance (Mokhtar Arazpour, Bani, and 

Hutchins 2013). Merati et al (Merati et al. 2000) compared the energy expenditure for the use of 

wheelchairs with RGO orthotics and found a significantly lower energy cost/locomotion speed 

ratio for wheelchairs.  

 Recent technological advances have led to the development of a new wave of orthoses, 

known as exoskeletons, that are electrically powered and have more complex electromechanical 

designs (Herr 2009; Food and Drug Administration, HHS 2015). Similar to the passive orthoses, 

all but one exoskeleton (REX, Rex Bionics Co., Auckland, New Zeland), require the individual 

to use assistive devices for balance. Most of the studies on exoskeletons have been conducted in 

people with thoracic SCI (Contreras-Vidal et al. 2016). The most studied exoskeleton so far is 

the ReWalk (Rewalk Robotics Inc, Marlborough, MA, USA) (Contreras-Vidal et al. 2016) which 

was the first model receiving an FDA approval for home use (“ReWalkTM Personal Exoskeleton 

System Cleared by FDA for Home Use” 2014). ReWalk has two motors on each side, one at the 
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hip and one at the knee, and initiates stepping by detecting trunk tilt. Stepping parameters are 

controlled in a closed loop algorithm using sensor data from the foot plate and joint motors (joint 

angle and angular velocity) (Contreras-Vidal et al. 2016). Rewalk is also programmed for sit-to-

stand and sitting motions, and can accommodate a walking speed of up to 2.6 km/h (Contreras-

Vidal et al. 2016).  

Zeilig et al reported that individuals with SCI required an average of 13 training sessions 

for using the ReWalk exoskeleton, to have sufficient proficiency to complete the walking 

assessment tests independently (Zeilig et al. 2012). Arazpour et al measured the physiological 

cost index (PCI) of using exoskeletons in people with motor complete SCIs (n=5), and showed 

that they were lower than the PCI for passive RGO orthoses by ~50% (Arazpour et al. 2013). 

They also showed that the distance covered in the 6 minute walk test with an exoskeleton was 

significantly longer (~25%) than that with the RGO (Arazpour et al. 2013).  Walking speed was 

also ~30% higher with exoskeletons reaching ~20 m/min (Arazpour et al. 2013). Besides the 

direct benefits of ambulation, anecdotal evidence also exists for possible improvements in 

neuropathic pain (Kressler et al. 2014; Esquenazi et al. 2012) for users of exoskeletons with SCI.  

Despite the rapid growth of the field of exoskeletons in recent years, seamless and more 

intuitive control of their operation by the user has been cited as one of their ongoing challenges 

(Young and Ferris 2017). In this context, research into the application of brain computer 

interfaces for the control of exoskeletons is also emerging. Lopez-Larraz et al, used EEG 

recordings from exoskeleton users with SCI for detection of intent and controlling the 

exoskeleton (López-Larraz et al. 2016).  
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1.2.3 Neuroprostheses for restoration of standing and walking 

Neuroprosthetic approaches for restoring standing and walking after SCI primarily focus on 

utilizing the uninjured and intact parts of the neuro-musculo-skeletal system to produce 

functional movements. One of the most widely investigated types of neuroprostheses for 

restoring motor function is functional electrical stimulation (FES). FES uses electrical 

stimulation to activate excitable tissues such as the nervous system or the muscles to produce a 

functional motor output.  For individuals with SCI, achieving this goal is possible through the 

application of electrical stimulation to the peripheral nerves (FES in the peripheral nervous 

system), or applying the electrical stimulation to spinal cord networks below the injury level 

(FES in the central nervous system). This section reviews important examples in both categories 

of FES. 

 

FES in the Peripheral Nervous System.  

Extracellular electrical stimulation activates excitable tissue (e.g., axons) by sufficiently reducing 

the extracellular potential, leading to depolarization of their membrane potential. If the 

depolarization of the membrane potential goes beyond threshold, an action potential is produced. 

Electrical stimulation may reduce the extracellular potential by injecting negative ions or by 

removing positive ions from the targeted extracellular space (Grimnes and Martinsen 2015).  

Peripheral FES can target sensorimotor axons and/or muscles for activation depending on 

its electrical current path and the stimulation waveform. The current path is affected by the 

location of the stimulating and return electrodes, electrode design, impedance of the electrode-

tissue interface, and the stimulation waveform.  
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The relationship between the stimulation waveform parameters (amplitude and pulse-

width) and the requirements for activation of an excitable tissue is described by the strength-

duration curves based on the rheobase hyperbolic model (Grimnes and Martinsen 2015). Based 

on this model, for each excitable tissue, the larger the stimulation intensity, the smaller the 

required pulse width for its activation and vice versa. In the context of peripheral FES, it is also 

important to note that the excitability of muscle tissue is significantly less than that of the nerves; 

therefore, nerves are activated at lower stimulus intensities than muscles (Mogyoros, Kiernan, 

and Burke 1996). 

Stimulating electrodes for peripheral FES may be placed on the surface of the skin, over 

excitable nerve or muscle tissue, implanted in the muscle tissue (intramuscular), or implanted 

around or into nerves (nerve-cuff or penetrating nerve electrodes). Surface electrodes are the 

least invasive option, but are furthest from their target muscles, and therefore lack targeting 

specificity. These electrodes are only suitable for activating superficial muscles. Another 

disadvantage of these electrodes is that due to their distance from the target, they require higher 

current amplitudes to produce functional outcomes. Therefore, as part of a neuroprosthetic 

device, they impose higher requirements of power and battery capacity. Placement of electrodes 

under skin and in the muscle tissue (intramuscular electrodes) increases the stimulation 

selectivity and reduces the current amplitude requirements for stimulation. 

Various types of electrodes have also been developed for stimulation and recording from 

the peripheral nerves. The most common type is a nerve cuff electrode (Rutten 2002) which 

wraps around a nerve, placing the stimulating and recording sites in contact with the nerve’s 

perineurium. Being closer to target, cuff electrodes require less stimulation amplitude than 

surface electrodes for activation of their targets (Aoyagi et al. 2004). Cuff electrodes can 
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accommodate multiple stimulation sites on their non-conductive substrate and therefore allow for 

multipolar stimulation. Having multiple stimulation sites around and/or along the nerve provides 

a more uniform access to the fascicles within, and can allow for spatially selective targeting of 

the fascicles (Goodall, de Breij, and Holsheimer 1996; Grill and Mortimer 1996). In some cases, 

targeting selectivity can be further enhanced by the use of current steering stimulation paradigms 

(Tarler and Mortimer 2004).  

Penetrating peripheral nerve electrodes (e.g., transverse and longitudinal intrafascicular 

electrodes, also referred to as TIMEs (Boretius et al. 2010) and LIFEs (Badia et al. 2011)), have 

also been developed to access the deeper fascicles of the nerve. The stimulation thresholds with 

LIFEs and TIMEs are even lower than cuff electrodes (Badia et al. 2011). TIMEs have access to 

more fascicles than LIFEs due to their orientation (transverse vs. longitudinal) (Badia et al. 

2011). These electrodes are however more invasive and may be more damaging to the targeted 

nerve. 

Choice of stimulation waveform (e.g., pulse width and frequency parameters) can 

influence the preferential activation of sensory vs. motor axons. This is due to the difference in 

the excitability of the sensory and motor axons which is reflected in their strength-duration 

curves. Sensory axons have a lower rheobase and longer chronaxie than motor axons and 

therefore can be selectively activated with longer pulse-widths and lower amplitudes (Veale, 

Mark, and Rees 1973; Barss et al. 2018). The difference in the excitability of the sensory and 

motor axons is due to the presence of a larger number of persistent Na+ channels  (Kuwabara et 

al. 2006; Bostock and Rothwell 1997) and larger inward rectification currents in the sensory 

axons (Kiernan, Lin, and Burke 2004). Physical characteristics of axons are also a factor in their 

excitability. Under the same conditions, axons with larger diameters are more excitable than the 
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smaller ones and have lower chronaxie and rheobase values (Horch and Kipke 2017). Therefore, 

larger axons can be selectively activated with lower stimulation amplitudes and shorter pulse-

widths. 

Over the past few decades, various peripheral FES systems have been developed and 

extensively studied for the restoration of functional lower limb movements, such as standing 

(Braz et al. 2009), walking (Brissot et al. 2000) and sit-to-stand transitions (Jovic et al. 2015) for 

people with paraplegia. Non-invasive implementations of peripheral FES using surface 

electrodes, have not become widely accepted for functional use in applications of daily living. 

This may be due to limitations such as: need for electrode placement each time before use, skin 

sensitivity resulting from chronic regular use, and the low number of muscles accessible by 

electrical stimulation over the skin (Jaeger 1992). Research is ongoing for the development of 

clothing embedded with stimulating surface electrodes and addressing some of these challenges 

(Zhou et al. 2015). Semi-implantable peripheral FES systems with percutaneous electrodes have 

also been utilized (Handa et al. 1989; Shimada et al. 1996). However these systems also lack 

mechanical stability and are at risk of electrode breakage, dislodgment, or infection over time (R. 

J. Jaeger 1992; Shimada et al. 1996). The most commonly implemented and accepted form of 

peripheral FES for functional daily use is the implantable systems. 

Examples of implantable FES systems include the Praxis FES system developed by 

Neopraxis Pty. Ltd. (Lane Cove, Australia) (Davis, Patrick, and Barriskill 2001) and the 

Freestand system developed by Case Western Reserve University (Cleveland, USA) (Triolo et al. 

2012). Praxis is an implantable system for restoring function in the lower extremities and 

bladder. This system is comprised of 22 stimulating channels, 18 of which are dedicated to the 

lower extremities, targeting the femoral, gluteal, peroneal, tibial, and sciatic nerve branches 
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bilaterally (Davis, Patrick, and Barriskill 2001). Different stimulation algorithms are used for 

transferring from sitting to standing, standing, and stepping, and each algorithm is selected by a 

button pressed by the user (Johnston et al. 2005). Johnston et al reported on the use of the system 

by three people with motor complete thoracic SCI (Johnston et al. 2005). Since after SCI, 

paralyzed muscles undergo changes such as atrophy (Gorgey and Dudley 2007), increase in 

intramuscular fat (Gorgey and Dudley 2007), and muscle fiber type changes (Burnham et al. 

1997), all participants underwent muscle conditioning exercises and intense training (5 days a 

week, minimum of 13 weeks) (Johnston et al. 2005).  

Muscle atrophy resulting from muscle inactivity after SCI has been shown to be 

reversible. Mahoney et al showed that 12 weeks (2 days/week) of resistance exercise training 

with peripheral FES can lead to muscle hypertrophy after chronic complete SCI (Mahoney et al. 

2005). Muscle fiber type changes after SCI have also been shown to be reversible with BWSTT 

(Stewart et al. 2004). Overtime after SCI, type I and type II muscle fiber compositions change to 

mostly type IIb, fast-twitch, glycolytic muscle fibers (Burnham et al. 1997). Stewart et al, 

observed significant increases in the distribution of muscle fiber type IIa and a significant 

reduction in IIb fiber type in people with incomplete SCI (AIS-C) after 6 months of BWSTT 

training (3 times/week) (Stewart et al. 2004). BWSTT training, however, was not part of the 

muscle conditioning trainings of the participants of the Praxis system study.  

After completing muscle conditioning training, all participants were able to complete 

tasks independently with the system while using assistive devices. The longevity of standing 

with this system ranged from ~2 to 35 minutes (Johnston et al. 2005). In the 6 minute walk test, 

the distance covered by the individuals ranged from ~39 to 215 m (Johnston et al. 2005).  
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 The Freestand system was designed for the purpose of restoring standing function and the 

ability to transfer from sitting-to-standing. This system had 8 stimulation channels connected to 

epimysial and intramuscular electrodes targeting the following muscles: vastus lateralis, gluteus 

maximus, semimembranosus, and erector spinae at the level of T12-L2 (Uhlir et al. 2004). Uhlir 

et al reported on the use of the system in 10 people with complete thoracic SCI (AIS-A) and 3 

people with incomplete low cervical injuries (AIS-B) (Uhlir et al. 2004). One of the 13 

participants in this study had an infection that resulted in the implant removal. Approximately 

5% of the electrodes experienced mechanical failure throughout this study and required a 

revision surgery (Uhlir et al. 2004). Similar to the Praxis system, recipients of these implants 

underwent muscle conditioning and rehabilitation training for functional use of the system 

(Triolo et al. 2012). Maximal standing time using this system was on average 27 minutes at the 

time of discharge. However, this value had dropped by approximately 40% at the one-year 

follow up (Triolo et al. 2012). 

 Taken together, the examples provided here demonstrate that FES neuroprostheses 

aiming to restore functions of the lower limbs have been successfully implemented in people. 

However, the scope of their application and success have been limited mainly due to the rate of 

fatigue experienced by the individuals. The early onset of fatigue is partly due to other 

physiological recruitment order of motor units by peripheral FES. This recruitment order 

depends on the distance of the targeted nerves from the stimulation site and their excitability 

(Barss et al. 2018). For instance, axons closer to the stimulation site and those with larger 

diameters are recruited first (Barss et al. 2018). Fast fatigable muscles are innervated by larger 

axons than slow muscles (Rhoades and Bell 2009). Unlike voluntary motor unit recruitment that 

typically recruits slow-twitch, fatigue resistant muscles first, the recruitment order of peripheral 
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FES is not organized based on muscle fiber type, leading to an earlier onset of fatigue. 

Additionally, FES, unlike voluntary contractions, activates the targeted group of motor units in a 

time-locked fashion to the stimulus, and at high discharge rates, thus contributing to faster 

development of fatigue (Gregory and Bickel 2005). Multiple FES strategies have attempted to 

reduce the motor unit discharge rates in order to reduce the rate of fatigue. Pournezam et al, 

demonstrated that “sequential” stimulation of different muscles of the quadriceps, reduces the 

rate of fatigue for each (Pournezam et al. 1988). In this paradigm each muscle was stimulated for 

5-10 s at 20 Hz, before moving to the next (Pournezam et al. 1988). Malesevic et al, replicated 

these results in individuals with SCI, and demonstrated that sequential stimulation of four sites 

on the quadriceps muscle at a lower frequency (15 Hz), reduces the rate of fatigue compared to 

single-site stimulation (30 Hz) (Malesević et al. 2010). However, they demonstrated that daily, 

30 minutes long sessions of stimulation with the single-site stimulation method resulted in larger 

improvements of  muscle strength and endurance than the sequential stimulation (Malesević et 

al. 2010). Lou et al, employed an interleaved stimulation paradigm alternating between 

stimulation of the muscle belly (40 Hz) and the nerve (40 Hz) (Lou et al. 2017). This approach 

reduces the overlap between the motor units activated (Wiest et al. 2017). Application of 

interleaved stimulation in able-bodied individuals reduced the tibialis anterior muscle fatigue 

compared with stimulation at either the muscle belly or the nerve (Lou et al. 2017). However, 

when applied to individuals with SCI, Bergquist et al did not find a difference in the fatigue 

produced by interleaved or nerve stimulation in the triceps surae muscle (Bergquist et al. 2017). 

Muscle fatigue produced by stimulation at the muscle belly was larger than both interleaved and 

nerve stimulation (Bergquist et al. 2017). Similar results have also been reported using 

interleaved stimulation with two implanted intrafasicular electrodes in cats (Yoshida and Horch 
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1993). Yoshida et al demonstrated that the gastrocnemius muscle fatigue was significantly 

reduced using interleaved stimulation compared with continuous stimulation of each electrode 

individually (Yoshida and Horch 1993). These developments of physiologically-based 

stimulation paradigms show promise for mitigation of the fatigue induced by peripheral FES 

(Barss et al. 2018). 

Another component of fatigue experienced by neuroprosthetic users that limits prolonged 

use of a device is that of the arms, which are involved in partial bodyweight support and balance 

for standing and walking (Bijak et al. 2005). Recent studies developing control strategies for 

restoring standing-balance using FES systems, have shown promising results in models of 

neurological injuries (Vette et al. 2009; A. H. Vette et al. 2005; Rouhani et al. 2017; Tan et al. 

2014).. Future inclusion of such strategies in the FES systems may reduce the fatigue 

experienced by the arms during standing. Arms-free standing would also provide more freedom 

for functional interactions with the surroundings in tasks of daily living (Nataraj, Audu, and 

Triolo 2017). As with any other implantation procedure, implantation of FES electrodes also 

poses the risk of infection. The implants are also at risk of mechanical failure as they are 

implanted in or near mobile tissue (muscles).  

 Peripheral FES paradigms have also been used in conjunction with other strategies such 

as rehabilitation training (Zhou et al. 2018; Donaldson et al. 2000; Baldi et al. 1998) and 

exoskeletons (Ama et al. 2013; Tu et al. 2017; Zhang et al. 2017) to restore lower limb function 

for people with SCI. Multiple studies have shown that rehabilitation of walking with the 

assistance of peripheral FES systems can improve voluntary walking performance in people with 

chronic incomplete SCI (Granat et al. 1993; Kapadia et al. 2014; Thrasher, Flett, and Popovic 

2006; Wieler et al. 1999). Wieler et al showed that walking with FES in the community setting 
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(for >3 month), can result in significant improvements in voluntary walking speed for people 

with chronic incomplete SCI (Wieler et al. 1999). Kapadia et al compared BWSTT with FES 

assistance with resistance and aerobic training (walking or cycling exercises) in people with 

chronic incomplete SCI (Kapadia et al. 2014). They showed that both rehabilitation paradigms 

resulted in improvements in voluntary walking (walking speed, endurance and balance). The 

improvements, however, were not different between training groups except for the spinal cord 

independence measure (mobility sub-score). Individuals who received FES assisted BWSTT had 

a larger improvement in their spinal cord independence measure (Kapadia et al. 2014). FES 

systems have also been used in conjunction with rehabilitation paradigms involving cycling 

(example provided in section 1.2.1). 

 Exoskeletons incorporating FES (hybrid exoskeletons) are recently being investigated 

with the goal of combining the benefits of both strategies. Ha et al reported the use of a hybrid 

Indego exoskeleton (Parker company, Cleveland, OH, USA) by an individual with complete low 

thoracic SCI (Ha et al. 2012). In these exoskeletons, FES was applied to the hamstring muscles. 

The FES-evoked-torques produced around the hip joints contributed to the movement and 

reduced the power consumption of the joint motor by ~30%. They also showed that as the 

muscles fatigue, exoskeleton contribution increases and walking function can continue. While 

research and development of hybrid exoskeletons is still in its early stages, results obtained so far 

suggest that they may hold potential for becoming an ambulation device for people with SCI 

with the additional rehabilitative and health benefits of peripheral FES. 
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FES in the Central Nervous System. 

This section focuses on two spinal-cord-neuroprosthetic techniques that aim to restore or 

improve standing and walking after SCI, namely epidural stimulation and intraspinal 

microstimulation. 

Epidural Stimulation. Epidural spinal cord stimulation is a technique that applies electrical pulses 

to the exterior surface of the dura mater, on the dorsal side of the spinal cord. Similar to the other 

electrically active implants, the epidural stimulation system (also referred to as spinal cord 

stimulator) is comprised of an implanted stimulator, connecting wires and stimulation electrodes 

(also referred to as ‘lead’). Clinical stimulators can be programmed wirelessly. Stimulation leads 

consist of a carrier with multiple contacts for stimulation (Jeon 2012; Shils and Arle 2012). Two 

types of lead carriers are clinically available: percutaneous and paddle leads. Implantation of the 

percutaneous leads is minimally invasive and can be done through Tuohy epidural needles (“Tuohy 

Epidural Needle, Pain Management | Smiths Medical.” n.d.). Paddle leads however, require a more 

invasive surgical procedure for implantation in which a partial or full laminectomy is required 

(Jeon 2012).  

As a treatment, this technique was first used to alleviate chronic pain (Shealy, Mortimer, 

and Reswick 1967) and has since been utilized for other applications including management of 

spasticity (G. Barolat, Myklebust, and Wenninger 1988; Pinter, Gerstenbrand, and Dimitrijevic 

2000), rehabilitation training for functional recovery after paralysis (Rejc, Angeli, and Harkema 

2015), and promoting regeneration after spinal cord injury (SCI) (Shapiro 2014; Shapiro et al. 

2005).  

Understanding the mechanism of action of epidural stimulation requires an understanding 

of the pathways the stimulation current takes, as well as the anatomy of the stimulated region. As 
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with any electrical stimulation system, detailed knowledge about the electrical properties of the 

environment surrounding the electrodes is essential for determining the resulting stimulation 

current pathway. In this system, the environment surrounding the electrodes is comprised of 

various materials such as meninges, cerebrospinal fluid (CSF), spinal cord white and gray mater, 

dorsal rootlets, epidural fat, vertebral bone, muscles, and electrode lead insulation. Among these 

materials, CSF has the highest electrical conductivity (~3x the longitudinal conductivity of white 

matter, ~7x the conductivity of the gray matter and ~21x the transverse conductivity of white 

matter) (Giancarlo Barolat et al. 1993; Sin and Coburn 1983; Struijk et al. 1991). Detailed 

information about the electrical conductivity of these materials can be found in the following 

references (Holsheimer 1998; Oakley and Prager 2002). The implication of these significant 

conductivity differences is that most of the electrical current will flow through the path of highest 

conductivity, in this case the CSF. Analysis of the exact current pathway, however, is a complex 

problem considering variables such as geometry and volume of the anatomical elements around 

the electrode, position, spacing between electrodes, the number of cathodes/anodes, and the 

frequency dependence of the electrical properties of biological tissue. Computer modeling has 

been used to address this problem further.  

Coburn et al  (Coburn 1980; Coburn 1985; Coburn and Sin 1985)  and Struijk et al (Struijk 

et al. 1993, 1991) were among the first to develop two- and three-dimensional models of the human 

thoracic spine and spinal cord and conduct simulations using finite element analysis for epidural 

stimulation. They also incorporated mathematical nerve fiber models into their simulations. Using 

these models, they demonstrated the generated patterns of current and voltage distribution and 

estimated the activation thresholds of different neural structures. For instance, Coburn (Barry 

Coburn 1985) incorporated nerve fiber models of the dorsal columns and dorsal roots into his 
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simulation model and verified the simulation results for activation thresholds of dorsal column 

fibers with experimental values in literature. He then used the model to calculate the activation 

threshold of dorsal root fibers in the transverse plane, and found that their activation threshold can 

be lower than the dorsal column fibers, depending on their curvature. Struijk et al (Struijk, 

Holsheimer, and Boom 1993) modelled dorsal root fibers in the case where the cathode is centered 

on the midline. They demonstrated that the smallest activation thresholds belong to dorsal root 

fibers bending and entering the spinal cord perpendicularly. Based on the computer modelling 

literature, the following elements can be activated using epidural stimulation with clinical 

therapeutic stimulation amplitudes (Holsheimer 1998; Holsheimer, Struijk, and Rijkhoff 1991): : 

Dorsal root fibers, 0.2 – 0.3 mm depth of the dorsal and dorsolateral spinal cord, and posterior 

spinocerebellar tracts.  

Epidural stimulation for the improvement of standing and walking after SCI is commonly 

applied to the lumbosacral region of the spinal cord which houses the locomotor networks. Given 

the estimated current spread, epidural stimulation does not directly activate the neurons in the 

ventral horns of the spinal cord. However, it can target them trans-synapically (mono- and poly-

synaptic pathways) through activation of indirect pathways, such as afferent projections entering 

the spinal cord’s dorsal surface (Sharpe and Jackson 2014; Capogrosso et al. 2013). This is 

supported by the analyses of the latencies of the evoked EMG responses as well as the interaction 

of the epidural stimulation with peripheral nerve stimulation on the evoked EMGs (Hunter and 

Ashby 1994). 

 

Rehabilitation training and functional recovery after paralysis: This application was first 

motivated by the evidence that epidural stimulation can produce stepping-like movements in the 
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lower/hind limbs, both in animal models (cats (Gerasimenko et al. 2003) and rats (Ichiyama et al. 

2005)) and in humans with complete SCI (Dimitrijevic, Gerasimenko, and Pinter 1998). 

Dimitrijevic et al (Dimitrijevic, Gerasimenko, and Pinter 1998) were the first to demonstrate that 

non-rhythmic epidural stimulation over the lumbar enlargement of the spinal cord in human 

subjects with complete SCI (in supine position) can produce rhythmic leg movements (alternating 

between flexion and extension phases). They also demonstrated its ability to produce tonic leg 

movements in supine position, using different stimulation parameters. The optimal location of the 

stimulation lead was suggested to be over the lumbar enlargement and in the case of rhythmic 

locomotor-like movements segment L2 was suggested.  

Later in 2002, Herman et al combined epidural stimulation with partial weight bearing 

therapy (PWBT) on a participant with incomplete SCI (AIS-C) (Herman et al. 2002). They 

reported that the addition of epidural stimulation to the protocol led to an increase in walking speed 

and reduced the energy cost of walking (Herman et al. 2002).  In 2011, Harkema  et al (Harkema 

et al. 2011) conducted a similar study on a participant with an incomplete spinal cord injury (AIS-

B; clinically motor complete). Before introducing epidural stimulation to the rehabilitation 

protocol, the participant had received locomotors training using body weight supported treadmill 

(BWSTT) for over 2 years without improvement in leg muscle EMG activity. After receiving the 

epidural stimulation implant, the participant was trained for standing combined with epidural 

stimulation for 7 months. During this period, improvements in body weight support during 

standing was demonstrated. At the end of the training protocol, the participant was able to stand 

with minimal assistance for up to ~4 minutes. During standing, assistance was provided for hip 

extension and balance (Rejc, Angeli, and Harkema 2015). After obtaining these promising results, 

the group recruited three more participants (Angeli et al. 2014; Rejc, Angeli, and Harkema 2015), 
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two with AIS-A and one with AIS-B SCI. Similar to the case study, all the participants underwent 

BWSTT before the epidural stimulation implant and were trained for standing with epidural 

stimulation post-implant. At the end of these studies, the AIS-B participant was able to stand with 

epidural stimulation with minimal assistance, similar to the participant in the case study. The 

unexpected finding was that both AIS-A participants performed better than the individuals with 

AIS-B injuries, and were able to stand with stimulation and assistance only for balance (none for 

hip extension). The stimulation paradigm used for standing in these individuals was customized 

and optimized for each person and cross-testing of the settings between participants was not 

successful (Rejc, Angeli, and Harkema 2015). The observation that epidural stimulation paradigms 

optimized for standing produced no/small EMG activity in the sitting position but was significantly 

amplified after the weight transfer on the legs, suggested that sensory input is essential for standing 

with epidural stimulation (Rejc, Angeli, and Harkema 2015).  

Another important observation in these studies was that in the presence of epidural 

stimulation, all of the participants were able to gain voluntary control for producing selective leg 

movements (e.g., ankle dorsiflexion) (Angeli et al. 2014; Harkema et al. 2011). A possible 

explanation for restoration of voluntary control could be that epidural stimulation partially 

depolarizes the membrane of neurons with spared descending projections, bringing them closer to 

firing threshold. The enhanced excitability of the spinal networks would then allow for cortical 

control using the limited spared projections. This is consistent with the observation of this study 

that participants with higher spasticity and clonus required less stimulation threshold to establish 

voluntary control of the movements (Angeli et al. 2014). 

Interestingly, the epidural stimulation parameters that facilitate voluntary control of leg 

movements were different from those producing weight-bearing knee extension for standing and 
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these conditions could not be combined (Rejc, Angeli, and Harkema 2015).  Combination of the 

two modes of stimulation in future using higher density electrode arrays and more complex pulse 

generators may increase the functionality of the voluntarily controlled movements.  

In addition to the above-mentioned observations, other benefits were also reported as a 

result of training with epidural stimulation (Edgerton and Harkema 2011). These included 

improvements in voluntary bladder control, body temperature control, regulation of blood 

pressure, and sexual function. Voluntary bladder control continued to exist even in the absence of 

stimulation. The exact timeline for the onset of these benefits were not reported in the early studies 

(Edgerton and Harkema 2011). A subsequent clinical study investigated the effect of locomotor 

training with epidural stimulation on the bladder and bowel function of 8 individuals with SCI 

(AIS A-D) (Hubscher et al. 2018). In this study, the stimulation was applied over the lumbosacral 

enlargement of the spinal cord. After 80 daily training sessions, significant improvements were 

demonstrated in bladder capacity, voiding efficiency and reduction of the duration of defecation, 

compared to the control group (Hubscher et al. 2018). More recently, another clinical study also 

demonstrated the ability of epidural stimulation of the lumbosacral enlargement in modulating 

blood pressure, for treatment of orthostatic hypotension after chronic SCI (Phillips et al. 2018).  

Collectively, the clinical case studies presented here suggest that application of epidural 

stimulation to the lumbosacral enlargement of the spinal cord, combined with intense rehabilitation 

training of walking, may result in limited functional improvements of standing for individuals with 

SCI. Further conclusions about the efficacy and effect size of epidural stimulation in improving 

standing function after SCI would require larger controlled clinical trials. Future studies should 

also compare the quality and longevity of standing achieved using this technique with alternative 

established methods such as peripheral FES. 
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Recent clinical results from the application of epidural stimulation for improvements in 

blood pressure modulation and bowel and bladder function are promising (Phillips et al. 2018; 

Hubscher et al. 2018). Further investigations into their mechanisms of action are needed to 

optimize their implementation and resulting benefits.  

 

Intraspinal Microstimulation. Intraspinal microstimulation (ISMS) is an FES technique that 

applies electrical stimulation to targets within the gray matter of the spinal cord. Historical 

utilizations of ISMS date back to the year 1940, with experiments conducted by Birdsey 

Renshaw for the study of synaptic delays of spinal reflex pathways in cats (Renshaw 1940). 

Renshaw compared the onset delays for responses recorded from the ventral L7 (or S1) root that 

were evoked either by dorsal root stimulation at the same level and/or ISMS (Renshaw 1940). To 

implement ISMS and evoke motoneuronal activity, Renshaw implanted bipolar needle electrodes 

into the intermediate and ventral parts of the gray matter of the spinal cord (Renshaw 1940). 

 In 1976, Gustafsson and Jankowska (Gustafsson and Jankowska 1976) used ISMS for 

investigating the effect of extracellular stimulation on the evoked motoneuronal activity in the 

lumbar spinal cord of cats. They quantified the changes in extracellular stimulation threshold 

based on the distance of the electrode from targeted motoneurons. The lowest thresholds for 

direct activation of the motoneurons were produced by electrodes located closest to the initial 

segment of the axons (Gustafsson and Jankowska 1976). Lowest thresholds for transynaptic 

activation of the motoneurons were produced by electrodes located closer to the motoneuronal 

dendrites as opposed to the axon (Gustafsson and Jankowska 1976). Jankowska et al also used 

ISMS to investigate various interneuronal populations in the gray matter of the spinal cord of 
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cats (Jankowska 1992), such as those involved in reciprocal inhibition (Jankowska and Roberts 

1972).  

 The first application of ISMS as a neuroprosthesis for restoring lost functions after SCI 

was in the sacral region of the spinal cord with the aim of improving bladder function. Friedman 

et al (Friedman, Nashold, and Senechal 1972; Blaine S. Nashold, Friedman, and Boyarsky 1971) 

demonstrated that voiding of bladder can be triggered, in 36 female cats and dogs, by ISMS in 

the intermediate depths of the gray matter at the S1-S2 levels. This was achieved in 55% of 

animals with intact spinal cords and 62.5% of those with a lumbar spinal cord transection 

(Friedman, Nashold, and Senechal 1972). Nashold et al later implemented this technique in 27 

people with SCI in north America and Europe over a period of ten years (Nashold et al. 1972, 

1977; Nashold, Friedman, and Grimes 1982). The clinical implant design was comprised of two 

electrodes (one in each side of the spinal cord) that were placed at the level of S1-S2 of the 

spinal cord (Nashold et al. 1972). In total, 55% of the recipients of these implants were able to 

regain control of bladder emptying with this neuroprosthesis  (Nashold et al. 1977). The majority 

(66%) of the functionally successful implants were in female patients (Nashold, Friedman, and 

Grimes 1982). Besides bladder emptying, a few other effects were also reported which are 

interesting to note. In few patients, continuous stimulation for up to a minute resulted in 

autonomic responses such as sweating, piloerection, temperature increase below the level of the 

injury, and erythema (Nashold et al. 1972). In one patient with a high thoracic injury, episodes of 

autonomic dysreflexia were also reported as a result of stimulation (Nashold et al. 1972). 

Nashold et al reported that the unintended triggering of autonomic responses were minimized by 

adjusting the stimulation parameters (amplitude and frequency) for each patient (Nashold et al. 

1972).  



 
 

28 

 The second neuroprosthetic application of ISMS was for restoration of standing and 

walking after SCI. In 2000, Mushahwar and Horch used ISMS electrodes to obtain an 

electrophysiological map of the lumbosacral spinal cord of cats, and assess the evoked motor 

responses (Mushahwar and Horch 2000b). They demonstrated that ISMS can selectively evoke 

coordinated and strong movements in the hindlimbs (Mushahwar and Horch 1997; Mushahwar 

and Horch 2000b) with relatively low stimulation intensities. In the past two decades, research 

related to ISMS for walking has continued and shown important promising outcomes such as its 

ability to produce stepping movements in the hindlimbs of cats after an SCI (Saigal, Renzi, and 

Mushahwar 2004), and produce prolonged standing (Lau, Guevremont, and Mushahwar 2007) 

and over-ground walking (Holinski et al. 2016). This neuroprosthesis is the main focus of the 

present thesis. Previous work and background related to ISMS are described in more detail in 

section 1.3. 

 ISMS has also been used to restore movements of the upper limbs after SCI 

(Zimmermann, Seki, and Jackson 2011). One of the earliest studies was conducted by Moritz et 

al where they investigated the organization of the neural networks using ISMS in the ventral 

horns of the cervical enlargement (C6-T1) in non-human primates (Moritz et al. 2007). They 

demonstrated that depending on the location of the electrode, stimulation through a single 

electrode can produce various functional movements in the shoulder, elbow, wrist, and fingers 

(Moritz et al. 2007). Most of the ISMS evoked movements involved synergistic activity among 

multiple muscles, in some cases even up to 12 muscles (Moritz et al. 2007). By stimulation 

through one electrode, synergies were also observed across different joints. The most commonly 

produced multi-joint movement was synergistic flexion of the thumb and fingers (Moritz et al. 

2007). The ability of ISMS in producing synergistic movements is beneficial from a 
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neuroprosthesis design perspective because fewer implanted electrodes are required to produce a 

functional synergistic movement involving multiple muscles. Later studies by Zimmermann et al 

(Zimmermann and Jackson 2014) and Nishimura et al (Nishimura, Perlmutter, and Fetz 2013)  

utilized ISMS implants in the cervical spinal cord of monkeys to control forelimb muscles that 

were temporarily or permanently paralyzed. Both groups used brain computer interfaces to detect 

the animals’ intent to perform a movement and activated the forelimb muscles with the ISMS 

neuroprosthesis (Zimmermann and Jackson 2014; Nishimura, Perlmutter, and Fetz 2013). Most 

recently, ISMS has been investigated for activating paralyzed muscles for breathing such as the 

diaphragm and the intercostal muscles. This work focuses on activating the networks in the mid-

cervical to high-thoracic regions of the spinal cord (Sunshine et al. 2018; Mercier et al. 2017).   

 ISMS has also been used to improve the recovery of motor function after an SCI. Kasten 

et al applied daily ISMS to the ventral horns below the level of injury, in the cervical 

enlargement of the spinal cord of rats with SCI (contusion injury, C4-C5) (Kasten et al. 2013). 

ISMS was implemented using implants with 3 microelectrodes in each side of spinal cord levels 

C6-T1. Starting 4 weeks post injury, the stimulation was applied 7 hours a day, 5 days a week for 

12 weeks. All animals also received daily reaching training without stimulation for 5 days a 

week. Functional outcomes in this study were measured by the precision forelimb reaching test 

(Schrimsher and Reier 1992; McKenna and Whishaw 1999). This test involved scoring the 

number of times an animal successfully reached with its forelimb and grabbed a food pellet, 2 

cm away from its cage. In this task the food pellet was on a freestanding pillar 1 cm away from 

the cage, preventing the animal from successfully sliding the pellet towards itself, instead of 

grabbing. Rats receiving regular ISMS stimulation recovered their upper limb function 
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significantly better those that did not. Improvements became significantly different from the 

control group starting 2 weeks after the start of therapeutic ISMS until the end of the treatment.  

McPherson et al (McPherson, Miller, and Perlmutter 2015) took a step further and 

investigated the effect of activity-dependent ISMS on the recovery of forelimb function in rats 

with SCI (incomplete contusion injury at C4-C5). In this study, ISMS was applied below the 

level of injury in spinal cord levels C6-C8, 5 days a week, for 13 weeks. They used online EMG 

recordings to trigger activity dependent single-pulse-ISMS at amplitudes 10% smaller than the 

resting motor threshold (McPherson, Miller, and Perlmutter 2015). Precision forelimb reaching 

was used as a measure of forelimb function in this study. A comparison was conducted between 

the recovery of forelimb function for animals that were subject to rehabilitation in conjunction 

with activity dependent ISMS (AD-ISMS), those only undergoing rehabilitation, and those 

undergoing rehabilitation in conjunction with open-loop ISMS (OL-ISMS) (McPherson, Miller, 

and Perlmutter 2015). After 13 weeks of treatment, animals in the AD-ISMS group recovered 

significantly better than those in the rehabilitation only group or the OL-ISMS group 

(McPherson, Miller, and Perlmutter 2015). These trends were shown to persist up to at least three 

months after discontinuation of ISMS and with reduced rehabilitation training (reduced from 2 

sessions/day to 1 session/day) (McPherson, Miller, and Perlmutter 2015). These promising 

results suggest that activity dependent ISMS may be a promising approach for enhancing 

recovery after SCI. 
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1.3 Intraspinal Microstimulation for Restoration of Standing and 

Walking 

ISMS for the purpose of restoring standing and walking after SCI is implemented in the 

lumbosacral enlargement. ISMS implants are comprised of microelectrode arrays that penetrate 

the spinal cord parenchyma from the dorsal surface and target the neural networks in the ventral 

horns of the gray matter. This section describes the technological design, mechanism of action 

and the functional outcomes of the ISMS technique for restoring walking.  

 

1.3.1 Mechanism of Action 

The neural elements targeted by spinal cord stimulation depend on the location of the stimulation 

site. Placement of electrodes in the dorsal and intermediate parts of the gray matter of the 

lumbosacral enlargement (from lamina I to VII) results in flexion only movements (Mushahwar 

et al. 2007). Moving the electrodes more ventromedial (lamina VIII), produces bilateral 

contractions and stimulation in the ventral and ventrolateral regions (lamina IX) produces 

synergistic movements (in one joint or across multiple joints) in the ipsilateral hindlimb 

(Mushahwar et al. 2007). EMG responses evoked by ISMS in different laminae of the spinal 

cord in the cervical enlargement (in rhesus monkey) have highest to lowest stimulation 

thresholds in the following locations, respectively: dorsal subdural space, dorsal and intermediate 

gray matter, ventral gray matter, ventral subdural space (Sharpe and Jackson 2014). Stimulation 

thresholds reduce moving from dorsal to ventral side of the spinal cord. Responses to ISMS in 

the ventral part of the gray matter have the largest gradation range, compared to all the above-

mentioned stimulation sites (Sharpe and Jackson 2014). Gradation range is defined as the range 



 
 

32 

of stimulation intensity over which increasing (or decreasing) stimulation intensity results in an 

increase (or decrease) in the magnitude of the response (Sharpe and Jackson 2014). Large 

gradation ranges are desirable because they provide flexibility for control of the evoked 

responses. Collectively, the ventral horns of the gray matter are the most suitable stimulation 

sites for ISMS neuroprostheses aiming to restore mobility. This is because ISMS in this region 

has the largest gradation range, a low stimulation threshold for producing movements, , and can 

produce functional synergistic movements in the ipsilateral limb. 

 The ventral horns of the spinal cord house cell bodies of motoneurons and interneurons 

along with the axonal projections associated with them such as propriospinal, afferent and 

descending projections. ISMS in the ventral horns can activate these neurons directly and trans-

synaptically, depending on the location of the electrodes relative to the neurons and the 

stimulation intensity (Gustafsson and Jankowska 1976). For instance, ISMS in the ventral horns 

commonly activates afferent axons at a lower stimulation threshold than the motoneurons (Gaunt 

et al. 2006). Stimulation through a single ISMS electrode, can activate afferents that are up to 17 

mm away (rostrocaudally) from the stimulation site and trans-synaptically activate their post-

synaptic motoneurons and interneurons (Gaunt et al. 2006). ISMS may also activate 

propriospinal fibers in passage which are known to have excitatory monosynaptic and excitatory 

or inhibitory disynaptic projections to motoneurons (Jankowska et al. 1974; Yakovenko, 

Kowalczewski, and Prochazka 2007). Propriospinal projections can span multiple spinal cord 

segments and commonly terminate in lamina VII and VIII in the intermediate and ventromedial 

parts of the gray matter of the spinal cord (Barilari and Kuypers 1969; Ruder, Takeoka, and 

Arber 2016).  
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Bamford et al (Bamford, Putman, and Mushahwar 2005), showed that ISMS in the 

ventral horns of the lumbosacral enlargement of rats recruits fatigue resistant muscle fibers more 

often than peripheral FES and has graded force recruitment curves. This suggests that ISMS has 

a motor unit recruitment order similar to that of voluntary recruitment. Voluntary recruitment of 

motor units is thought to follow Henneman’s size principle (Henneman and Olson 1965), in 

which more fatigue resistant motor units are recruited first. Then, faster and more fatigable motor 

units are recruited, increasing the size of the muscle contraction and the resulting torque (Barss et 

al. 2018). This characteristic of ISMS is likely mediated by the trans-synaptic activation of the 

motor neuronal networks. This is also consistent with observations made with peripheral FES 

(tibial nerve) where, motor units recruited trans-synaptically by H-reflex are shown to be more 

fatigue resistant than those recruited by M-waves, in people with complete SCI (Bergquist et al. 

2014). 

 The locations of various motoneurons in the lumbosacral enlargement of the spinal cord 

has been extensively studied in cats using retrograde labeling (Vanderhorst and Holstege 1997). 

Mushahwar et al (Mushahwar and Horch 2000b; Saigal, Renzi, and Mushahwar 2004; 

Mushahwar et al. 2002) also investigated the functional organization of the motoneurons in the 

lumbosacral enlargement of the spinal cord using ISMS. The functional organization of the 

motoneuronal pools is defined as the organization of the motor responses (e.g. movements or 

muscle activity) to electrical stimulation in various parts of the ventral horns of the spinal cord.  

Mushahwar et al (Mushahwar and Horch 2000b; Saigal, Renzi, and Mushahwar 2004; 

Mushahwar et al. 2002), demonstrated that stimulation through a single electrode in the ventral 

horns of the spinal cord can evoke coordinated activity in the hindlimb muscles acting on the 

same joint as well as those across multiple joints (Saigal, Renzi, and Mushahwar 2004; 
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Mushahwar and Horch 2000a; Mushahwar et al. 2002). ISMS with a single electrode has also 

been shown to produce isometric joint forces up to ~73% of the maximal twitch force (evoked by 

supramaximal stimulation of the nerve) in the cats’ hindlimbs (Mushahwar and Horch 2000a). 

These results are consistent with the mechanism of action of ISMS in trans-synaptic activation of 

homonymous and/or heteronymous motoneurons that are farther than its stimulation current 

spread.   

The relative functional organization of the motoneuronal pools in the lumbosacral spinal 

of cats is consistent from animal to animal (within species) (Mushahwar and Horch 2000b; 

Saigal, Renzi, and Mushahwar 2004; Mushahwar et al. 2002). Importantly, Saigal et al 

demonstrated that the organization of the motor networks targeted by ISMS in cats are 

unchanged when tested two to four weeks post SCI (complete transection at T10-T12) (Saigal, 

Renzi, and Mushahwar 2004). Clinical evidence from the implementation of ISMS for 

controlling bladder function in people with chronic SCI also suggests that networks targeted by 

ISMS are still present and excitable even chronically after complete SCI (Nashold et al. 1972). 

 

1.3.2 Design, safety and stability of the implants 

Design of the ISMS implants for restoration of walking in cats consists of an array of 16-24 

microelectrodes implanted bilaterally in the ventral horns of the lumbosacral enlargement 

(Bamford et al. 2016). The microelectrodes are made out of 30 µm platinum iridium (80%/20%) 

microwires, insulated with a 4 µm thick layer of polyimide, except for 70-200 µm at the tip. The 

de-insulated tips of the microelectrodes are bevelled to 15º in order to reduce the mechanical 

resistance of the tissue to their insertion (Sean Snow et al. 2006). The microelectrodes are 

advanced through the dorsal surface of the spinal cord, with tips targeting the ventral horns. 
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Since the subdural space in cats is relatively small (~0.25 mm), the ISMS microelectrodes are 

implanted trans-durally through small holes in this membrane. The spacing between consecutive 

microelectrodes in the array is 3 mm for cats (Bamford et al. 2016). The microelectrodes are 

connected to a pulse generator through lead-wires of the same material and size (Bamford et al. 

2016). The lead-wire bundle is typically oriented rostrally and fixed to the first spinous process 

rostral to the implant region (L3 in cats), before connecting to the pulse generator (Holinski et al. 

2013).  

Most of the preclinical literature on the use of ISMS implants for walking were 

conducted using microelectrodes with a single stimulation site. In 2006, Snow et al developed 

multi-site microelectrodes for ISMS applications (Snow et al. 2006; Snow, Horch, and 

Mushahwar 2006). These electrodes had 4 stimulation sites along their shafts and were made on 

a cylindrical fiber optic substrate (85 µm in diameter) (Snow et al. 2006). Multisite electrodes 

improved the chance of successful targeting of the motoneuronal pools in the ventral horns of the 

spinal cord (Snow, Horch, and Mushahwar 2006).  

Implantation trajectory of the ISMS microelectrodes is most commonly chosen to be 

perpendicular to the coronal plane of the spinal cord. Given that microelectrode alignment is 

subject to visual error caused by the curvature of the surface of the spinal cord, an alignment 

method has been developed to assist in this process. This method involves the use of a 

mechanical microelectrode insertion guide for implants in cats and has been shown to reduce 

alignment error in bench tests (Bamford et al. 2016). The implantation of the ISMS arrays in 

small animals is typically done manually by the surgeon, by inserting the microelectrodes 

individually.  
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 One of the critical design aspects for chronic success of ISMS implants is their 

mechanical design including their points of fixation and strategies for relieving mechanical 

stresses. From a mechanical perspective, the spinal cord is a viscoelastic tissue that can move in 

the spinal canal and experience length changes as a result of normal, physiological movements of 

the body (White and Panjabi 1990). In order to accommodate for these movements without 

dislodging the microelectrodes, ISMS implants incorporate extra lead-wire length (slack) in their 

design in an effort to mechanically dissociate the implanted electrodes from the fixation of the 

lead-wires on the bone. In the studies of ISMS in small animal models, sustained functionality 

overtime and unchanged/reduced stimulation thresholds are used as functional signs of 

mechanical stability of the ISMS implants (Bamford et al. 2016). In this context, spinalized rats 

(complete transection at T8) with chronic ISMS implants were studied for 30 days. The majority 

of the implanted electrodes (8/12) showed a reduction in their stimulation threshold over the 

course of 30 days, 1 electrode did not experience change in its threshold, 2 had an increase in 

their threshold, and 1 electrode failed on day 14 (Bamford, Todd, and Mushahwar 2010). The 

reason behind the threshold increase seen in 2 out of 12 electrodes is likely due to relative 

dislodgment of the electrode from its initial position and therefore moving away from its target 

(Bamford, Todd, and Mushahwar 2010). The reason behind the failure of the electrode that 

stopped working in the second week of experimentation was not reported in this study ( 

Bamford, Todd, and Mushahwar 2010). However, most of the implanted electrodes were stable 

and functional and experienced a drop in their stimulation threshold (Bamford, Todd, and 

Mushahwar 2010). 

 Mushahwar et al (Mushahwar, Collins, and Prochazka 2000) also studied cats (intact 

spinal cord) with chronic ISMS implants in which 6-12 electrodes were implanted in each 
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animal. These experiments showed that in each animal at least 67% of the electrodes remained 

functional for the whole duration of the study ranging from 2 to 24 weeks. Similar to 

experiments in rats, these experiments also showed that the majority of the implanted electrodes 

remained functional for the duration of the testing (Mushahwar, Collins, and Prochazka 2000). 

The reason behind the failure of the rest of the electrodes were not reported. In these 

experiments, unlike the experiments in the rats, the stimulation thresholds increased over time 

for all electrodes (Mushahwar, Collins, and Prochazka 2000). One of the differences between 

this study and the study conducted in rats is that, spinal cords of rats were stimulated daily 

(continuously for 4 hours) for the duration of the study (30 days) (Bamford, Todd, and 

Mushahwar 2010). Stimulation of the spinal cords of cats however was more limited and 

involved short stimulation pulse trains, twice a week for the duration of the study (Mushahwar, 

Collins, and Prochazka 2000). A possible reason for the reduction of stimulation thresholds in 

rats maybe neuroplasticity resulting from chronic electrical stimulation in the spinal cord. This 

may be mediated by migration of the neuronal targets closer to the stimulating electrodes 

(Bamford et al. 2016; Jeong et al. 2009).  

 Safety of electrical stimulation in the spinal cord using the ISMS microelectrodes has 

also been investigated. In a study in rats, Bamford et al (Bamford, Todd, and Mushahwar 2010) 

compared the effect of daily stimulation (4 hours/day) over a period of 30 days on the spinal cord 

tissue with unstimulated implanted electrodes as a control. The daily stimulation protocol in this 

study included trains of pulses with a frequency of 0.5 Hz and 50% duty cycle (i.e. 1 s ‘on’ and 1 

s ‘off’). Each train included stimulation pulses with a frequency of 25 Hz, pulse width of 200 µs, 

and intensities ranging between 140 – 260 µA (on average 2.5x the stimulation threshold), that 

produced functional movements (Bamford, Todd, and Mushahwar 2010). These stimulation 
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amplitudes are substantially larger that amplitudes typically used for production of functional 

walking in studies in cats (<100 µA) (Holinski et al. 2016); however, the electrochemical 

processes ongoing at the electrode-tissue interface are dependent on the specifications of the 

electrode (Cogan 2008). Electrodes tested in this study had the same diameter (30 µm) as the 

implants in cats (Bamford et al. 2016; Bamford, Todd, and Mushahwar 2010), but may have had 

substantially different tip exposure sizes and impedances. Bamford et al found no change in the 

neuronal density in the ventral horns in animals with stimulated ISMS electrodes compared with 

those with non-stimulated implants or controls (no implants) (Bamford, Todd, and Mushahwar 

2010). No difference was also found between the glial response to the stimulated and non-

stimulated electrodes (Bamford, Todd, and Mushahwar 2010). Collectively, these results suggest 

that chronic stimulation of spinal cord tissue with the mentioned microelectrode specifications 

and stimulation parameters does not cause damage in the form of cell death.  Implantation of the 

electrodes themselves does result in limited mechanical damage to the spinal cord tissue. The 

presence of electrodes, as a foreign body, in the spinal cord results in a limited glial response. 

However, Bamford et al, demonstrated that the electrodes remain functional despite this glial 

encapsulation (Bamford, Todd, and Mushahwar 2010).  

Chronic ISMS implants (2-24 weeks) in cats with intact spinal cords also resulted in no 

functional sensorimotor deficits throughout the study (Mushahwar, Collins, and Prochazka 

2000). Moreover, ISMS evoked movements were produced in these animals without any sign of 

pain or discomfort (Mushahwar, Collins, and Prochazka 2000), despite their intact sensory 

pathways. 
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1.3.3 Functional Benefits of ISMS implants 

ISMS neuroprosthesis can produce various functional coordinated movements in the hindlimbs 

of paralyzed animals, that when activated through a control algorithm, can form into standing 

and walking (Stein and Mushahwar 2005). The ability of the ISMS technique in producing 

coordinated single- and multi-joint synergistic movements through single-electrode stimulation, 

makes these implants compact and efficient. Using ISMS implants with as few as 4 electrodes on 

each side of the lumbosacral enlargement of the spinal cord (spanning 3 cm long in cats and 5 cm 

in humans), bilateral stepping movements can be produced in the hindlimbs. The ability to 

produce multi-joint synergistic movements also simplifies the control of ISMS implants for 

production of more complex repertoire of functional movements.  

One of the important benefits of ISMS for producing hindlimb movements is its ability to 

produce significantly more fatigue-resistant movements compared with those produced by 

peripheral FES. This is attributed to the motor unit recruitment order of ISMS which is more 

similar to that of voluntary contractions than peripheral FES (Mushahwar and Horch 2000a; 

Bamford, Putman, and Mushahwar 2005). The motor unit recruitment order of the voluntary 

contractions referenced here, is that of voluntary contractions gradually increasing in size. More 

details were discussed in sections 1.3.1 and 1.2.3.  

Mushahwar et al measured force recruitment curves for ISMS-evoked activation of the 

quadriceps, triceps surae and tibialis anterior motoneuronal pools in cats (Mushahwar and Horch 

2000a). Force recruitment curves with ISMS were graded with average slopes of 7.9%, 8.5%, 

and 2.9% (plateau force/nC), for quadriceps, triceps surae and tibialis anterior muscles, 

respectively (Mushahwar and Horch 2000a). Bamford et al, compared the force recruitment 

curves of the quadriceps muscle in rats, measured through ISMS and nerve cuff stimulation of 
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the femoral nerve (Bamford, Putman, and Mushahwar 2005). The force recruitment slope was 

found to be 4.9 times larger for nerve cuff stimulation than ISMS. They also demonstrated that 

ISMS depleted a larger proportion of fatigue resistant muscle fibers from glycogen than nerve 

cuff stimulation, at stimulation intensities 3x the threshold (Bamford, Putman, and Mushahwar 

2005). Similar results were also obtained in cats by Snow et al (Snow, Horch, and Mushahwar 

2006), showing the force recruitment slope to be 2.9 times larger for nerve cuff  stimulation 

(femoral nerve) compared with ISMS. 

Mushahwar and Horch, investigated the effect of interleaved ISMS stimulation, on the 

fatigue rate of the quadriceps muscles in cats (Mushahwar and Horch 1997). They compared the 

typical stimulation paradigm of ISMS (50 Hz frequency, 300 µm pulse width) with an 

interleaved stimulation paradigm. The interleaved paradigm involved stimulation through two 

ISMS electrodes activating the same motoneuronal pool, in an interleaved manner, at half the 

stimulation frequency (25 Hz) (Mushahwar and Horch 1997). They demonstrated that 

interleaved stimulation significantly reduces the rate of fatigue compared with the typical 

stimulation paradigm of ISMS (Mushahwar and Horch 1997). 

Influence of the motor unit recruitment order of ISMS has also been observed in studies 

that utilized these implants for producing functional standing and walking. For instance, Lau et al 

(Lau, Guevremont, and Mushahwar 2007) investigated the rate of fatigue during ISMS-evoked 

standing in anesthetized cats. They developed a closed-loop control algorithm for ISMS implants 

to produce stable balanced standing posture. The closed-loop controller used ground reaction 

force along with joint angle information (from accelerometers) as sensory feedback to modulate 

ISMS intensity (Lau, Guevremont, and Mushahwar 2007). For comparison, a similar controller 

was also implemented for standing produced by peripheral FES using intramuscular electrodes. 
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They demonstrated that ISMS was able to produce substantially longer durations of stable 

standing (on average 20.89 minutes) compared with peripheral FES (on average 4.24 minutes) 

(Lau, Guevremont, and Mushahwar 2007). The rate of ground reaction force decay was also 

significantly smaller (on average 4.7 times smaller) with ISMS compared to peripheral FES 

(Lau, Guevremont, and Mushahwar 2007). 

Holinski et al implemented ISMS in anesthetized cats to evaluate its performance in 

producing over-ground walking (Holinski et al. 2016). They demonstrated that animals with 

ISMS implants can walk for ~870 m over-ground while still producing weight-bearing ground 

reaction forces (Holinski et al. 2016). Similar to the control strategies for prolonged standing, 

long walking distances were achieved by implementing a closed-loop control algorithm using 

ground reaction forces and limb position as sensory input (Holinski et al. 2016). The walking 

distances achieved by ISMS can be put in context when compared with walking performance of 

cats with peripheral FES (using intramuscular electrodes). Mazurek et al used a similar closed 

loop algorithm to control peripheral FES implants for walking in cats and demonstrated that 

these animals could only walk up to an average of ~52 m before losing weight-bearing force 

levels (Mazurek et al. 2012).  

 Importantly, ISMS implants have also been able to produce functional stepping 

movements in the hindlimbs of spinalized cats (complete low thoracic SCI) in decerebrate 

conditions without the effect of anesthesia (Saigal, Renzi, and Mushahwar 2004). Saigal et al 

demonstrated that functional weight-bearing stepping movements can be produced in cats with 

complete SCI (2-4 weeks post injury) using ISMS implants (Saigal, Renzi, and Mushahwar 

2004).  
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 ISMS implants are compact and require low levels of electrical current (<100-150 µA). 

Low power requirements are an attractive feature for an implantable system since it reduces the 

requirements for battery size. 

 Collectively, ISMS implants present a promising strategy for restoring standing and 

walking, even after complete SCIs. In contrast with peripheral FES, the ability of ISMS implants 

in producing fatigue resistant movements is an important advantage for its application as a 

neuroprosthesis for daily activities. Since ISMS implants benefit from activation of the innate 

circuitry of the spinal cord for synergistic activation of muscles, planning and controlling the 

evoked movements is less complex compared with peripheral FES. In comparison with epidural 

stimulation, ISMS also provides an important functional advantage in its degree of selectivity in 

targeting specific motor neuronal pools and therefore motor outputs.  

 In addition to the neuroprosthesis application of ISMS for restoring mobility, its recent 

implementations as a promoter of neuroplasticity in conjunction with rehabilitation (‘therapeutic 

ISMS’) has also shown promise for enhancing functional recovery of rehabilitation interventions.  

 

1.4 Clinical translation of ISMS implants and thesis outline 

As discussed in this chapter, multiple interventions exist that aim to restore or improve standing 

and walking for people with paraplegia. Each or a combination of these intervention strategies 

provide recovery opportunities for a sub-population of people with SCI; a universal cure for all 

SCIs has not been achieved yet. For instance, rehabilitation interventions for improvements of 

walking have been most effective for people with motor incomplete injuries (Yang and 

Musselman 2012). With the recent technological advances, a new wave of powered orthoses and 

exoskeleton are emerging and may hold promise as a mode of ambulation and rehabilitation for 
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people with SCI. Despite the functional success of peripheral FES neuroprostheses for restoring 

standing and stepping in people with paraplegia, their implementation has not become 

widespread. This may be due to their limitations such as fatigue or implant failure. Peripheral 

FES (especially non-invasive approaches) is becoming more accepted as a rehabilitation tool for 

SCI (“Functional Electrical Stimulation Exercise - The Steadward Centre for Personal & 

Physical Achievement” n.d.; “First Steps Wellness Centre” n.d.). Epidural stimulation in 

conjunction with rehabilitation training, has also shown promising results in improvement of 

standing function for people with incomplete SCI. Among all of these interventions however, a 

gap still exists for interventions for people with complete injuries. The results from preclinical 

studies of ISMS, show potential for this technique to become a viable option for restoration of 

walking, especially in people with complete SCIs.  

 The overall goal of this thesis project was to take steps in the path of clinical translation 

of ISMS and prepare this approach for testing in people for the first time. The first step in this 

path is to prepare ISMS for testing in an intraoperative setting. Intraoperative testing would 

allow us to identify the functional organization of the motor networks in the lumbosacral spinal 

cord of humans and assess their excitability. This step would assess the feasibility of producing 

functional movements in the legs of humans with SCI using ISMS. The acquired information is 

also paramount for finalizing the technological design of a clinical implant. In preparation for 

intraoperative testing, the following aspects needed to be addressed: 1) Development of a 

stereotactic system for precise placement of ISMS microelectrodes in the spinal cord of humans, 

2) Investigating the effect of clinical anesthesia on the responses to ISMS 3) Intraoperative 

testing of ISMS in non-human primates as the closest available neurophysiological animal model 

to humans. After addressing these aspects, this thesis took a step further and focused on the 
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requirements of chronic ISMS implants in humans. These requirements were investigated from 

the perspective of mechanical stability. The outline of the remainder of this thesis is provided 

below. 

 

Chapter 2 - Ultrasound-Guided Spinal Stereotactic System for Intraspinal Implants: This chapter 

discusses an image guided, spine-mounted, stereotactic setup that was developed for precise 

(sub-millimeter accuracy) placement of ISMS implants into the gray matter of the spinal cord. 

The setup was developed in a swine model and has since been tested in non-human primates and 

human cadavers. In this chapter, I also discuss the experiments that evaluated the performance of 

this system for effective targeting of the gray matter of the spinal cord. This system has direct 

application in the upcoming intraoperative experiments in humans.   

 

Chapter 3- Effect of Anesthesia on the Responses to Intraspinal Microstimulation and its 

Implications for Clinical Translation: In preparation for intraoperative testing of ISMS in humans 

under anesthesia, the effect of a common neurosurgical anesthesia protocol on ISMS responses 

was investigated. This effect was compared with the effects of two of the most commonly used 

anesthetic protocols for preclinical studies of ISMS. This is especially important, since 

understanding the relative influence of anesthetic protocols on the ISMS evoked responses is 

critical for correct interpretation of the clinical intraoperative testing results and comparison with 

the literature.  

 

Chapter 4- Functional organization of motor networks in the lumbosacral spinal cord of non-

human primates: In this project, in preparation for intraoperative testing of ISMS in the human 
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spinal cord, an intermediate step was taken and similar intraoperative testing was conducted in 

the spinal cord of non-human primates. These experiments obtained the functional organization 

of the motoneuronal pools in the lumbosacral enlargement of the spinal cord of monkeys for the 

first time. Monkeys were chosen, as the closest available neurophysiological animal model to 

humans. These results were then compared with the available functional maps of the lumbosacral 

spinal cord in cats and its implications for the human functional map were discussed. 

 

Chapter 5- Mechanically stable intraspinal microstimulation implants for human translation: This 

study was conducted in a swine model, and quantified the biomechanics of the spine and spinal 

cord in proximity of the ISMS implant region (lumbosacral enlargement) using a motion capture 

system. This was done when the animal’s spine was taken into extreme flexion and extension 

ranges of motion. The critical forces that would dislodge implanted ISMS microelectrodes from 

the spinal cord were also characterized in-situ. Taken collectively, these design constraints can 

be used for the design of any mechanically stable spinal cord implant. A proof of concept design 

for a mechanically stable ISMS implant was provided and also acutely tested in-situ. 

 

Chapter 6- General Discussions summarizes the key findings of the thesis and discusses the 

possible future directions in the path to clinical translation of ISMS.  
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2.1 Introduction 

Intraspinal microstimulation (ISMS) is a form of functional electrical stimulation (Peckham and 

Knutson 2005) in which arrays of fine microelectrodes are implanted within the spinal cord, 

targeting the ventral horns. Low amplitudes of electrical pulses (<100 µA) are delivered through 

the electrodes, activating neuronal networks and motor neuronal pools resulting in behaviorally 

measured outcomes (Bamford and Mushahwar 2011; Mushahwar, Collins, and Prochazka 2000; 

Mushahwar and Horch 2000a). To date, applications of ISMS have been mainly focused on 

restoring functions lost after a spinal cord injury (SCI).  Early clinical studies in humans utilized 

ISMS implants in the sacral segments of the spinal cord (S1-S2) and showed successful bladder 

voiding in more than 75% of female patients (total of 13 patients) with bladder paralysis 

(Nashold, Friedman, and Grimes 1982). Since then, preclinical studies have investigated the use 

of ISMS for restoration of standing and walking (Holinski et al. 2016; Lau, Guevremont, and 

Mushahwar 2007; Mushahwar, Collins, and Prochazka 2000; Saigal, Renzi, and Mushahwar 

2004), hand movements (Sunshine et al. 2013; Zimmermann and Jackson 2014) and respiration 

(Mercier et al. 2017) in animal models. ISMS for standing and walking is one of the more widely 

studied types of ISMS in which the electrodes are implanted in the lumbosacral region of the 

spinal cord. Previous studies have shown promising functional outcomes for these implants and 

have motivated their translation towards clinical testing (Bamford and Mushahwar 2011; 

Holinski et al. 2016; Mushahwar, Collins, and Prochazka 2000; Saigal, Renzi, and Mushahwar 

2004; Toossi, Everaert, Azar, et al. 2016).  

 An important requirement for clinical testing of ISMS is the development of a safe and 

precise implantation system. Precise manipulation and placement of ISMS microelectrodes into 

the spinal cord requires a stereotactic setup and an accurate targeting method. For restoring 
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walking with ISMS, the cross-sectional area of the smallest target in the ventral horn of the feline 

spinal cord is ~0.2-0.3 mm2, corresponding to the tibialis anterior motor neuronal pool 

(Mushahwar and Horch 1997, 1998, 2000b). This size is not directly known for humans; 

however, assuming that the functional activation size of the motor pools is proportional to the 

overall size of the spinal cord, homologous targets in the human spinal cord are likely only ~30% 

larger (Mushahwar and Horch 1998, 2000b; Sengul et al. 2012). 

Existing stereotactic systems for intraspinal procedures can be categorized into two 

groups based on how they are mounted (Medani et al. 2016): 1) on the surgical table (Lima et al. 

2010; Saberi et al. 2008), or 2) on the spine of the patient (Riley et al. 2014). Systems mounted 

on the surgical table for positioning implants in the spinal cord have the risk of causing spinal 

cord trauma because of relative displacements of the surgical table and the spinal cord. Systems 

mounted on the spine of the patient alleviate this drawback.  

Two spine-mounted stereotactic systems exist in the literature. The first, called the spinal 

derrick (Federici et al. 2012; Riley et al. 2011), was developed for intraspinal stem cell delivery 

and has been tested clinically. The system involves the fixation of a micromanipulator platform 

onto the patient’s spine using four percutaneous laminar screws (Riley et al. 2011). In most of 

the preclinical and clinical studies using this system, estimation of the implant trajectory within 

the spinal cord was based on dorsal anatomical landmarks, micromanipulator coordinates and 

magnetic resonance imaging (MRI) acquired prior to the surgery (Riley et al. 2014; Riley et al. 

2011). The targeting accuracy of this implant delivery system was not systematically reported; 

however, the reported injection targets in human spinal cords are in the ventral horns of the gray 

matter. These targets are at depths ranging from 3-5 mm from the dorsal surface (Riley et al. 

2012) and unlike ISMS, may not require sub-millimeter targeting accuracies. More recently, a 
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prototype of an MR-compatible spinal derrick was used for MRI guided insertion of injection 

needles through the interlaminar space (Lamanna et al. 2017).  

The second patient-mounted stereotactic system was developed at the Mayo clinic (Grahn 

et al. 2016) for ISMS in pigs. The system anchors to the spine through eight MR-compatible 

pedicle screws spanning four vertebral levels. MRIs are obtained following the laminectomy and 

pedicle screw placement, using a custom MR coil and MRI markers. The coil and markers are 

then removed and a micromanipulator setup is mounted on the pedicle screws. The acquired MR 

images guide the coordinates on the micromanipulator system for targeting within the spinal 

cord. The reported targeting accuracy of this system in a bench setup was 1.09 ± 0.2 mm (mean 

± standard deviation).  

The required targeting accuracy for trajectory alignment of ISMS implants can be 

estimated based on the size of the electrical current spread around the electrode tip. The 

functional stimulation amplitudes required for ISMS in cats range from 60 to 100 µA (Holinski 

et al. 2016). For these stimulation amplitudes, the estimated radius of current spread is 0.4 and 

0.5 mm, respectively (Bagshaw and Evans 1976; Mushahwar and Horch 1997). Therefore, to 

ensure overlap between the intended electrode target and the electrically activated area, the 

spatial targeting error should be <0.5 mm. A higher targeting accuracy minimizes the number of 

required electrode passes for successful stimulation and is critical for the safety and functional 

success of the implant. To date, the targeting accuracy goal of 0.5 mm has not been met with the 

existing spine-mounted systems (Grahn et al. 2016; Riley et al. 2011). This is due to the inherent 

visual illusions when eyeballing the trajectory of the electrode as well as the limitations in spatial 

resolution of MR images obtained from real-time MR-guided systems. Additionally, methods 
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that only use MR images collected prior to the insertion of the electrodes lack the ability to 

provide guidance and feedback during or after insertion.  

We propose a novel spinal stereotactic system for ISMS that is mounted on the spine and 

for the first time relies on intraoperative ultrasound imaging for guiding the electrode trajectory 

into the spinal cord. Ultrasound is a desirable imaging modality for this task since it provides 

dynamic real-time imaging, and is capable of providing very high spatial resolution. As a first 

application, we used the system for intraoperative ISMS implants. The specific aims of this study 

were to: 1) develop a modular spinal stereotactic system with a minimal number of components 

that would allow precise 3D targeting within the spinal cord gray matter, 2) develop an 

intraoperative ultrasound imaging method that allows the visualization of the gray and white 

matter of the spinal cord as well as measurement of the electrode insertion angle, and 3) quantify 

electrode alignment accuracy using the spinal stereotactic system and ultrasound guidance in 

pigs and a benchtop setup using a surrogate spinal cord.  

 

2.2 Materials and Methods 

A spinal stereotactic system using ultrasound image guidance was developed and optimized 

through experiments on the bench and in pigs.  

 

2.2.1 The spinal stereotactic system 

This system provides a stereotactic framework that allows precise measurements in 3 dimensions 

and consists of 3 main components: a set of two metal frames (further referred to as loops), a 

platform, and a micromanipulator (figure 4.1). The loops form an elevated base for attachment of 

the platform onto the spine and the platform provides an adjustable base for the 
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micromanipulator. Intraoperative ultrasound imaging is also used as part of this system to 

improve target selection and provide feedback during implantation procedures.  

 

Loops. The loops are made of surgical spine rods (in this case, 5.5 mm diameter, Medtronic, 

Dublin, Ireland), that were shaped, under high heat, in a trapezoid-like shape and spot welded on 

one side. The loops can be closed (figure 2.1) or open (figure 2.2) and are mounted on the 

vertebrae with four pedicle screws. The trapezoid-like loops can have a range of dimensions: for 

ISMS implants, the bottom edge is shorter (11 cm) than the top (17 cm), and the height is 7 cm. 

This construction reduces the exposure of bone in the craniocaudal direction, while providing a 

sufficiently large working window at the top. The left and right loops can be stabilized laterally 

with length-adjustable cross links that connect the loops across the top (in this case, 5.5 cm 

maximal range). The open space between the L-shaped handle and the top bars of the open loops 

(figure 4.2) provides a wide working area in the transverse direction for ultrasound probe 

manuevers.  

 

Platform. The platform (in this case, 8.5 cm long x 8 cm wide) serves as a mounting base for the 

micromanipulator system (figure 2.2b). The micromanipulator system attaches simply with an 

adaptor plate with a cross shaped slit that slides over 2 screws in the platform (figure 2.2b and 

4.2c). Once the micromanipulator is in the desired position, the 2 screws are tightened. The 

platform is designed to provide flexiblility in the placement of the micromanipulator system in 

the lateral and craniocaudal directions. In this case, this is implemented by placing 6 rows of 10 

screw holes in the platform. The cross-shaped slit in the adaptor plate further increases the lateral 
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and craniocaudal placement options and allows the manipulator to be rotated in the coronal plane 

(figure 2.2b). 

The platform is mounted on the loops with 2 “sliders.” The 5-cm long sliders have a 

longitudinal slit along the underside that fits over the loops (figure 2.2c). Two transverse screws 

with cone tips are tightened to clamp the sliders onto the loops.   

 

Micromanipulator system. The micromanipulator system in this paper contains four 

commercially available components that we combined in order to obtain a sufficient range of 

motion in three directions of translation and two planes of rotation. The top stage, for the 

purposes of this paper, is a Narishige MMN-33 micromanipulator (Narishige Company, Tokyo, 

Japan) with 35 mm range craniocaudally, 20 mm mediolaterally, and 37 mm dorsoventrally. The 

MMN-33 allows rotation in the transverse plane (figure 2.2d). The Narishige micromanipulator 

is mounted on a 2D translation middle stage which adds 60 mm in both the craniocaudal and 

mediolateral directions (Edmund Optics Inc, Barrington, NJ, USA). The bottom stage is a 

goniometer (B54-40U2NR, Suriga Seiki Company, Tokyo, Japan) which provides ±20 degrees 

of rotation in the sagittal plane (figure 2.2e).  

 

Mounting procedure. Pedicle screws are placed bilaterally in the pedicles of two neighboring 

vertebrae, or two vertebrae skipping one level. The loops are placed in the swivel heads and 

loosely secured with the caps. A transverse cross link is loosely attached to connect the two top 

bars, providing some lateral stability. The platform is loosely positioned on the loops, and the 

loops are adjusted so that the midline of the platform aligns with the spinal cord, and the 

platform is parallel with the frontal plane of the body. The pedicle screw caps, crosslink and 
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platform screws are then securely tigthened, locking all angles of the platfrom framework. The 

micromanipulator is then placed on the platform by sliding the adaptor plate under the top screws 

of the platform (figure 2.2b). The micromanipulator is rotated on the platform so that the main 

translation axis is aligned with the spinal cord (in the craniocaudal direction). The top screws of 

the platform are fastened, locking the micromanipulator in place.  

 

Intraoperative ultrasound imaging. The ultrasound probe used in this study was an 

intraoperative Philips L15-7io linear array probe with a footprint of 23 mm. The operating 

frequency of the probe was set to 15 MHz.  Pixel size was 0.067 mm x 0.067 mm. The size of 

the probe allowed it to fit in the space above the spinal cord and scan it in the transverse plane 

during electrode insertion. The probe was not in contact with the cord, and therefore had to be 

submerged in saline filling the spinal canal above the cord. 

 

2.2.2 Surgery and device placement  

Animal experiments were conducted in 7 domestic pigs (6 freshly euthanized pigs and one live 

pig) with an average weight of 43.7 ± 9.1kg. Pigs were the main animal model for this study due 

to the anatomical similarity of their spinal column and spinal cord to that of humans (Busscher et 

al. 2010; Sheng et al. 2010; Toossi, Everaert, Azar, et al. 2016). All animal experiments were 

conducted in accordance to protocols approved by the Institutional Animal Care and Welfare 

Committee at the University of Alberta. 

 The fresh pig cadavers were obtained after the animals were euthanized using an IV 

euthanyl injection. In the experiment using the live animal, the pig was deeply anesthetized and 

maintained in surgical plane throughout the duration of the experiment. In all animals, a 
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laminectomy was performed to expose the lumbosacral enlargement of the spinal cord (lumbar 

vertebrae L4 to L6). Four multiaxial Medtronic pedicle screws (4.5 mm diameter x 25 mm 

length) were placed bilaterally in the pedicles. The dura mater and the arachnoid layers were then 

opened. The spinal stereotactic system was mounted onto the pedicle screws as described in 

section 2.1.  

 

2.2.3 Assessment of the accuracy of ultrasound-guided electrode implantation 

in the pig 

Intraoperative ultrasound imaging was used to guide the trajectory of glass-tube markers into the 

spinal cord prior to insertion. Markers were then implanted into the spinal cord using a custom-

built insertion tool attached to the stereotactic system. After each experiment, the spinal cords 

were extracted and imaged using MRI. MR images were used as the reference for measurement 

of the insertion angles of the implanted markers with respect to the major axis of the spinal cord. 

Targeting error of the ultrasound-guided implantation with the stereotactic system was assessed 

by comparing the insertion angles measured using ultrasound imaging and MRI.  

 

Ultrasound visualization of electrode and spinal cord. In order to find the suitable tilt angle 

range of the ultrasound probe for viewing the gray and white matter of the spinal cord, a custom-

made apparatus was used. As shown in figure 2.3a, the orientation of the probe was varied in the 

transverse oblique scanning plane to obtain the best gray and white matter contrast in cross-

sectional images of the spinal cord.  

The suitable range in probe tilt angle for visualizing the gray and white matter was 25º to 

45º from the short-axis view of the spinal cord. Tilt angles less than 25º did not provide 
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sufficient contrast between gray and white matter to distinguish between them. While tilting the 

probe in the transverse oblique plane improves gray-white discrimination, it distorts the shape of 

the spinal cord in the dorsoventral direction. Therefore, the smallest tilt angle providing the 

appropriate contrast is preferred (Ihnatsenka and Boezaart 2010). When visualizing the electrode 

and the spinal cord in one image, the ultrasound probe was positioned caudal to the electrode in 

the transverse oblique plane.  

Marker implantation system. Instead of implanting metal microelectrodes which produce large 

artifacts in the MR images, small glass tubes were implanted in the spinal cord as markers that 

were visible in both the ultrasound and MR images. The glass-tube markers were approximately 

5 mm long and had an outer diameter of 170 µm (Wale Apparatus Company, Hellertown, USA). 

The markers were inserted using a custom-built insertion tool that replaces the electrode stylus in 

the micromanipulator as shown in figure 2.3b. The tool contains a holder for a 25 gauge needle. 

Prior to each insertion, a glass tube is back-loaded into a needle which is then placed in the 

holder. The needle was lowered by the micromanipulator and inserted 2 mm deep into the spinal 

cord. The glass tube was then inserted through the needle in the spinal cord using a tungsten wire 

acting as a plunger. The needle was then carefully retracted with the micromanipulator, leaving 

the tube implanted in the cord.  

 

Electrode alignment in the transverse plane. Traditionally for ISMS, surface landmarks such 

as dorsal root entry zone are used as reference points to determine the laterality of the entry point 

of the electrode. Since ultrasound imaging can visualize the gray and white matter, it can also be 

used to guide and provide feedback on the laterality of the entry point of the electrodes. 

Successful projections from the entry point to the target in the ventral horn require that the 
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electrode is inserted “straight” into the spinal cord. For this purpose, “straight” is defined as 

perpendicular to the major axis of the cord’s elliptical shape. In the case of a perfectly 

symmetrical cord, this would mean the electrode is also perpendicular to the line connecting the 

tips of the ventral or dorsal horns, and parallel with the anterior fissure (figure 2.4). Therefore, 

the goal in the experiments was to align the marker insertion needle perpendicularly to cord’s 

major axis, prior to insertion of the markers.  

The angle of the insertion needle in the micromanipulator system was aligned using three 

methods: 1) eyeballing, 2) ultrasound-guidance while holding the probe by hand (figure 2.3c), 

and 3) ultrasound-guidance with the probe attached to the stereotactic setup (figure 2.3d). The 

probe was attached to the loops using a multi-jointed arm. These methods were investigated 

under two conditions:  1) no time limitation for insertion of each marker and in case of 

eyeballing no limitation on the points of view used by the surgeon (referred to as ‘unlimited time 

condition’); 2) time limit of 90 seconds for each insertion and for the eyeballing method, the 

surgeon was asked to remain on their side of the patient, thus limiting the viewpoints to a more 

realistic condition (referred to as ‘time constrained condition’). In each experiment, at least 9 

markers were implanted using each of the three alignment methods. Conditions 1 and 2 were 

each tested in 3 pigs. 

The ultrasound-guided alignment of the insertion needle involved three steps: 1) Tilting 

the probe to visualize the electrode and the spinal cord in one image. 2) Identifying the 

orientation of the spinal cord (figures 2.5a and 2.5b) by drawing a line over the anterior fissure, 

drawing a line across the boundaries of the ventral or dorsal horns, and/or drawing a tangent line 

over the dorsal surface of the spinal cord at the midline. 3) Adjusting the orientation of the 

electrode by rotating the micromanipulator in the transverse plane until the alignment becomes 
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acceptable. The micromanipulator rotation stage was then locked and an ultrasound picture was 

taken of the needle in its final position prior to implantation to document the insertion angle 

(figures 2.5a and 2.5b). The marker was then implanted in the cord as described above. Tilting 

the ultrasound probe in the transverse oblique plane did not affect the viewed orientation of the 

cross-section of the spinal cord (Ihnatsenka and Boezaart 2010).  

 

Electrode alignment in the sagittal plane. The space was not sufficient for ultrasound imaging 

of the insertion in the sagittal plane due to the design of the glass marker insertion tool (figure 

2.3d). Therefore, an assisted eyeballing alignment method was used in the sagittal plane for all of 

the tested conditions. This method involved attaching a stylus to the micromanipulator and 

lowering it to the dorsal surface of the spinal cord. The stylus was then translated in the 

craniocaudal direction while adjusting the sagittal rotation angle until its translation path became 

parallel with the surface of the spinal cord.  

In two experiments, after the markers were implanted into the spinal cord, the marker 

insertion tool was removed and an ultrasound image of the marker in the sagittal plane of the 

spinal cord was recorded and the insertion angle was documented.  

 

Verification of marker placement using magnetic resonance imaging. After all of the 

markers were inserted into the spinal cord, the animal was euthanized (in case of the live pig 

experiment) and the lumbar spine (including the spinal cord) was extracted and fixed in formalin 

solution. The extracted spine was then scanned while submerged in saline using a 3T Siemens 

Prisma MRI scanner at the Peter S. Allen MR Research Centre, University of Alberta. MRI scans 

were acquired using a 1Tx/15Rx knee coil and a 3D MEDIC sequence with a resolution of 0.25 
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mm x 0.25 mm x 1 mm in the transverse plane and 0.31 mm x 0.31 mm x 1 mm in the sagittal 

plane. The implanted markers in the spinal cord were identified in the MR images and angle 

measurements were obtained using ImageJ software (U.S. National Institute of Health, Bethesda, 

MD, USA) (figure 2.6a).  

 

Statistical analysis. A two-way ANOVA was performed to analyze the effect of testing 

conditions (time constrained and unlimited time) and the alignment methods (eyeballing, 

ultrasound-guidance using a handheld probe and ultrasound-guidance using a mounted probe) on 

the alignment error of the electrode trajectory. A subsequent one-way ANOVA and Tukey HSD 

post-hoc analysis were performed for each testing condition to compare the 3 alignment 

techniques. T-tests were performed to compare the two testing conditions for each alignment 

method. Differences were considered significant for p≤0.05. All analyses were performed using 

IBM SPSS software (version 22, IBM Co., Armonk, USA). 

 

2.2.4 Bench-top assessment of the ultrasound-guided electrode implantation 

technique 

Testing the ultrasound-guided electrode implantation technique on the bench aimed to assess its 

capabilities and limitations in a more controlled setting with a higher spatial resolution. The 

bench setup and the testing protocol not only directly measured the electrode insertion angle, but 

also allowed for reliable measurement of targeting depth in the transparent surrogate cords 

(figure 2.7a). This is in contrast with the pig experiments where the MR images were used to 

measure electrode insertion angles only. 
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Four gelatin hydrogel surrogate spinal cords were prepared as previously described 

(Cheng et al. 2013), and a cut was made at their midline to simulate the anterior fissure (figure 

2.7b). Hydrogel cords were selected due to their transparency and near physiological mechanical 

properties. The anterior side of the spinal cords was fixed onto a plastic plate (figure 2.7a) and 

the dorsal surface of the spinal cords was painted black to prevent the operator from using visual 

feedback for alignment. The plastic plate was then placed in a transparent container filled with 

saline for implantation.  

A 125 µm diameter Pt/Ir electrode (FHC Company, Bowdoin, ME, USA) was used for 

insertion into the spinal cord. Alignment of the electrode prior to insertion was performed under 

ultrasound guidance (with the probe held by hand) in both the transverse and sagittal planes 

(figures 2.7e and 2.7f). Landmarks used for identifying the alignment of the surrogate spinal 

cords in the ultrasound images were the orientation of the dorsal surface and the orientation of 

the simulated anterior fissure. Similar to the pig experiments, before each trial the initial 

orientation of the electrode was randomly set.  

After the electrode was aligned perpendicularly with respect to the spinal cord, the 

electrode was inserted to a depth of 4 mm using the micromanipulator. Electrical stimulation was 

used to mark the electrode track in the spinal cord for further analysis. Direct current (DC) 

stimulation at 20 V was delivered across the implanted electrode and a needle electrode placed in 

the saline bath. After the stimulation was turned on the electrode was slowly retracted from the 

spinal cord to mark the full length of the track (figures 2.7c, 2.7d).  

A camera was positioned parallel to the sagittal plane of the cord to measure the insertion 

angle in this plane. In each surrogate spinal cord three to five tracks were made from electrode 

insertions. After all insertions were completed and tracks marked, the surrogate spinal cords 
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were detached from their underlying plate and thin transverse sections were cut, each containing 

one electrode track. Microscopic images were taken from these sections to measure the insertion 

angle and the track length in the transverse plane (figure 2.7b). All angle measurements in the 

images were obtained using the ImageJ software.  

Tests were conducted to compare the alignment errors of the experiments conducted on 

the bench and in pigs in both sagittal and transverse planes using IBM SPSS software. 

 

2.2.5 Functional testing of the ultrasound-guided stereotactic system in a live 

pig 

In order to demonstrate the application of the ultrasound-guided spinal stereotactic system for 

intraoperative ISMS, an experiment was conducted in a domestic pig (weight: 51 kg). The 

surgical procedure was identical to the description provided in section 2.2. A 100 µm Pt/Ir 

electrode was used (FHC Co., Bowdoin, ME, USA) and the stimulation trains consisted of: 

frequency of 50 Hz, pulse width of 200 µs, biphasic charge-balanced pulses with amplitudes up 

to 150 µA. A needle return electrode was placed in the paraspinal muscles. In order to visualize 

the movements generated by ISMS, the animal’s legs were suspended as shown in figure 2.8. For 

kinematic analysis of the generated movements, black marks were painted on the hip, knee, 

ankle and metatarsophalangeal (MTP) joints as well as on the iliac crest, and videos of the 

generated movements were recorded. Electromyographic (EMG) signals were also recorded 

using a Noraxon digital telemetry system and ambu blue sensor electrodes (Noraxon Co., 

Scottsdale, AZ, USA). Pairs of EMG electrodes were placed on the following muscles: rectus 

femoris, biceps femoris, lateral gastrocnemius and tibialis anterior. The kinematics data was 

assessed using the MR3 (Noraxon Co.) and imageJ software packages. The EMG data were 
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analyzed using custom-written programs in Matlab (version 2015a, MathWorks Co., Natick, 

USA). 

 

2.3 Results 

2.3.1 Findings related to ultrasound imaging of the spinal cord 

An ultrasound probe tilted to an angle of 25º to 45º in the transverse oblique scanning plane 

provided an acceptable contrast for viewing the gray and white matter of the spinal cord. Careful 

cleaning of the surgical site was found to be important for achieving an acceptable image quality. 

Layers of blood clots forming on the dorsal surface of the cord or in the lateral recesses of the 

spinal canal are hyperechoic and can result in a distorted image.  

The electrode and the glass markers were visualized in the ultrasound images of the 

spinal cord before and after implantation (figures 2.5a, 2.6b). There was no evident difference in 

the quality of the ultrasound images of the gray and white matter between experiments conducted 

in the cadavers and live animals. However, an additional way of visualizing the anterior fissure 

of the spinal cord was using Doppler imaging (figure 2.5c) which was only possible in the live 

animals.  

 

2.3.2 Assessment of electrode alignment in pigs  

Detection accuracy of the electrode insertion angle was expressed as an error score defined by 

the difference between the marker insertion angle, measured from the MR image, and the needle 

insertion angle, measured from the ultrasound image. In calculating this error score, it was 

assumed that the marker insertion and careful tissue extraction (after the completion of the 

experiment) did not cause changes in the alignment of the marker. The detection accuracy was 
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measured for 137 insertions in 6 animals in the transverse plane and for 36 insertions in two 

animals in the sagittal plane. The detection accuracy was 2.15º ± 0.38º and 2.09º ± 0.35º (mean ± 

95% confidence interval) in the transverse and sagittal planes, respectively (figure 2.9).  

 

Alignment accuracy of electrode insertion was expressed as an error score defined by the 

difference between the measured insertion angle on the MRI scans and the target electrode 

orientation, which was perpendicular to the major axis of the spinal cord (figure 2.4). The spatial 

targeting error for a stereotactic system with degrees of freedom in the spherical coordinate 

system depends on the targeted depth. Therefore, for implementing the <0.5 mm limit of 

acceptable spatial targeting error for ISMS (Bagshaw and Evans 1976; Mushahwar and Horch 

1997) in the spherical coordinate system, the following equation was used: 

 

0.5 > √𝑟′2 + (𝑟)2 − 2(𝑟)𝑟′[sin(90°) 𝑠𝑖𝑛𝜃′ cos(90° − 𝜑′) + cos(90°) 𝑐𝑜𝑠𝜃′]   (1) 

 

where 𝑟 is the depth of the target from the dorsal surface of the spinal cord, 𝑟′ is the implanted 

length of the electrode, and 𝜑′ and 𝜃′ are the electrode trajectory angles in the sagittal and 

transverse planes, respectively. The maximal depth of the ventral horns of the gray matter in the 

lumbar enlargement of the human spinal cord (𝑟) is approximately 6 mm (Sengul et al. 2012) 

from the dorsal surface.   

In 6 pig experiments, a total of 225 markers were implanted into the spinal cords. 

Alignment in the sagittal plane alignment was based on eyeballing and resulted in an overall 

alignment error of 1.4º ± 0.27º (mean ± 95% confidence interval).  Considering equation 1, the 
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~1.5º error measured for the alignment technique used in the sagittal plane results in a limit of 

~4.5º in alignment error in the transverse plane for ISMS targets.  

Electrode alignment in the transverse plane was conducted under two conditions (time 

constrained and unlimited time) three different alignment techniques (eyeballing, ultrasound 

guidance using a handheld probe, and ultrasound guidance using a mounted probe). The 

alignment errors in the transverse plane are shown in figure 2.10. For both conditions, alignment 

error using ultrasound-guidance was significantly smaller than eyeballing (p<0.01 for unlimited 

time, and p<0.001 for time constrained). However, alignment errors were not significantly 

different between the two ultrasound-guidance methods (p = 0.99 for unlimited time, p = 0.84 for 

time constrained). The upper bound for the confidence interval (95%) of the mean alignment 

error for ultrasound-guidance with handheld probe and ultrasound-guidance with mounted probe 

were 2.45º and 2.63º, respectively for the unlimited time condition, and 3.07º and 3.57º, 

respectively for the time constrained condition. Overall, for targets 6 mm deep into the cord, the 

Cartesian equivalent of the maximal alignment errors under ultrasound guidance (time-

constrained, mounted probe for the transverse plane and eyeballing for the sagittal plane) were: 

0.37 mm in the mediolateral, 0.01 mm in the anterior-posterior, and 0.17 mm in the craniocaudal 

axes. 

Limiting the insertion time and the view point for eyeballing and ultrasound-guidance 

(only when the probe was fixed to the stereotactic setup) alignment methods resulted in 

significantly larger alignment errors (p = 0.02 and p = 0.02, respectively). No significant 

interaction was found between the condition (unlimited time, time constrained) and the 

alignment method (p= 0.21). 
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2.3.3 Benchtop assessments 

Detection accuracy of the electrode insertion angle in the benchtop experiments was expressed 

by the difference between the measured insertion angle based on the ultrasound image and the 

measured angle from the microscopy image of the surrogate spinal cord section. The detection 

accuracies were 1.98º ± 0.84º and 0.91º ± 0.31º (mean ± 95% confidence interval), in the 

transverse and sagittal planes, respectively (figure 2.9). 

The bench setup not only allowed the measurement of alignment accuracy (deviation 

angles in transverse and sagittal planes as measured in pigs), but also allowed direct 

measurement of the spatial targeting error (3D distance from target which in addition to the 

alignment error also includes the error associated with the implantation depth). Alignment 

accuracy of the inserted electrodes in the sagittal and transverse planes were 0.95º ± 0.50º and 

2.29º ± 0.81º (mean ± 95% confidence interval), respectively (figure 2.11). Depth of the 

electrode tips in the transverse plane was 3.95 ± 0.11 mm. Based on these results, the spatial 

targeting error of ultrasound-guided implantation was calculated using equation 1 (in this case, r 

= 4 mm), and was 0.22 ± 0.02 mm (mean ± standard deviation). These results were obtained for 

a surrogate cat spinal cord and target depth of 4 mm for the electrode tip. Based on the measured 

deviation angles, if the targeting depth for the lumbar enlargement of a human spinal cord were 

to be considered (maximal gray matter depth of 6 mm), and assuming perfect depth targeting (𝑟 

= 𝑟′ = 6 mm), the calculated spatial targeting error (equation 1) remains below the 0.5 mm limit. 

The upper boundary of the spatial targeting error in this case is calculated to be 0.36 mm, using 

the upper boundaries of the 95% confidence intervals of the measured deviation angles for the 

electrode trajectory. The Cartesian equivalent of the maximal alignment errors in this case is: 
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0.32 mm in the mediolateral, 0.01 mm in the anterior-posterior, and 0.15 mm in the craniocaudal 

axes. 

The alignment error in the benchtop experiments (ultrasound guidance) in the sagittal 

plane was significantly smaller than that in the experiments in pigs (assisted eyeballing method) 

(p=0.01). The alignment errors in the transverse plane (using ultrasound guidance), however, 

were not significantly different from each other (p=0.83). 

 

2.3.4 Intraoperative ISMS using the spinal stereotactic system 

The lumbar enlargement of the spinal cord of a live pig was intraoperatively mapped using the 

ultrasound-guided spinal stereotactic system. In this experiment, 21 locations were electrically 

stimulated in the spinal cord resulting in functional movements in the leg. The generated 

movements included both single joint movements such as knee extension and ankle extension as 

well as multi-joint synergistic movements such as extensor synergy involving the hip, knee and 

ankle. An example of the movements and EMG signals produced by ISMS in one locations is 

shown in figure 2.12. The observed functional organization of the mapped region of the spinal 

cord in this animal was consistent with functional maps for the lumbar spinal cords of pigs 

(Hachmann et al. 2013), cats (Mushahwar and Horch 1998, 2000b) and rhesus monkeys (Toossi, 

Everaert, Perlmutter, et al. 2016). 

 

2.4 Discussion 

In this study, we proposed and evaluated a new spinal stereotactic system that relies on real-time 

(i.e., instantaneous) ultrasound guidance for accurate targeting inside the gray matter of the 
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spinal cord. Comparisons conducted with traditional visual targeting methods demonstrated 

superior performance of ultrasound-guided targeting. 

Emerging intraspinal interventions for spinal cord repair and restoration of lost functions 

require appropriate neurosurgical setups and tools that ensure their safe and successful clinical 

implementation. Despite the advances in this area (Blanquer et al. 2010; Féron et al. 2005; 

Mazzini et al. 2010; Medani et al. 2016) important challenges remain for reaching sub-millimeter 

sized targets within the spinal cord. The ability of intraoperative ultrasound imaging to visualize 

gray and white matter of the spinal cord not only can guide the electrode alignment and target 

selection prior to implantation, but also provide feedback during and after insertion. This is not 

possible for the existing MR guided stereotactic systems due to the inherent restrictions and 

challenges of MR imaging compared to ultrasound imaging. Examples of such challenges are 

imaging artifacts resulting from metallic instrumentation and implants, and safety concerns 

associated with possible current induction through them. This is critical for ISMS since it utilizes 

an electrically active implant consisting of an array of microelectrodes, lead-wires, connectors 

and a wireless stimulator. In the context of ISMS, another limitation of currently available MR 

guided systems is that the size of the laminectomy region is driven by the size of the MR coils. 

This is because the MR coil is placed in the exposed region over the spinal cord for best image 

quality. For example, the system developed by the Mayo Clinic (Grahn et al. 2016) utilizes a 

custom-built coil which is 7.5 cm long and therefore the length of the laminectomy has to be 

larger than this value. This is in contrast with the intraoperative ultrasound imaging probe used in 

this study which has a footprint of 2.3 cm. As image fusion software platforms become more 

available for ultrasound images and MRI (Lee 2014; Logan et al. 2014; Marks, Young, and 
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Natarajan 2013), ultrasound imaging of the spinal cord in conjunction with pre-operative MRI 

has the potential to provide even more information intraoperatively.  

Detection error of the insertion angle using ultrasound imaging was, on average, less than 

2.2º in the transverse plane, both in pigs and bench setup testing. However, as shown in figure 

2.9, the detection error in the sagittal plane with respect to MRI in pigs, was higher compared to 

the direct benchtop measurements. This difference may be partly due to the lower MR imaging 

resolution obtained in the sagittal plane (0.31 x 0.31 mm in the sagittal plane vs. 0.25 x 0.25 mm 

in the transverse plane). The importance of detection accuracy is in its relationship to targeting 

accuracy. The targeting error (independent of any set target angle) is a sum of the detection error 

of the insertion angle, the errors involved in performing the alignment using the stereotactic 

hardware and the errors involved in the implantation process. Therefore, the value of the 

detection accuracy provides a best-case scenario for the targeting accuracy of the ultrasound-

guided alignment.  

Targeting resolution of ultrasound-guided electrode insertion was also assessed both in 

pigs and on the bench. In the pig experiments, ultrasound guidance was only used in the 

transverse plane due to the spatial limitations imposed by the glass marker insertion tool. 

Nevertheless, ultrasound-guidance (transverse plane) in conjunction with eyeballing (sagittal 

plane) was able to meet the targeting error limit of <0.5 mm for ISMS (figure 2.10). A 

comparison between the alignment methods used in the transverse plane demonstrated the 

superior targeting accuracy of ultrasound-guidance compared with eyeballing. The targeting 

accuracy through eyeballing did not meet the targeting goal for ISMS. 

The two ultrasound-guided alignment methods provided similar targeting accuracies. 

However, when the ultrasound probe was fixed to the stereotactic setup, the surgeon could use 
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both hands to make the required adjustments to the micromanipulator stages for a desired 

alignment. Limiting the electrode alignment time and the surgeon’s viewpoints resulted in larger 

targeting errors for both the eyeballing and ultrasound-guided alignment methods. However, the 

ultrasound-guided alignment methods under these conditions still met the targeting accuracy goal 

set for ISMS. 

Comparison between the targeting accuracy results from eyeballing in the transverse and 

sagittal planes shows a larger error in the transverse plane than the sagittal plane. This may be 

explained by the transverse curvature of the spinal cord which makes visual alignment more 

difficult. It is also worth noting that the spatial limitation that prevented the use of ultrasound 

imaging in pigs in the sagittal plane (design of the glass-tube insertion tool) does not exist for 

ISMS where the glass-tube insertion tube is replaced with the electrode stylus (figure 2.2a). The 

glass-tube insertion tool was used only for purposes of placing markers in the spinal cord to 

allow subsequent analysis using MRI. 

Benchtop experiments utilized the electrode stylus and used ultrasound guidance for 

alignment of the electrode in both the transverse and sagittal planes. The spatial targeting error 

for these experiments was <0.23 mm (upper bound of its 95% confidence interval) for a target 4 

mm below the surface. This targeting resolution is approximately 5 times higher than the values 

reported for an existing MRI-guided system (1.09 ± 0.2 mm) (Grahn et al. 2016).  Ultrasound-

guided alignment in the transverse plane in benchtop experiments performed similarly to the 

experiments in pigs. Ultrasound-guidance in the sagittal plane in the benchtop experiments 

provided higher alignment accuracy than eyeballing in the pigs. 

Although this study only focused on the application of intraoperative ISMS, the proposed 

setup has the potential to be used for implantation of ISMS arrays for chronic use as well. This 
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may be realized by using a modified electrode holder design that can release the electrodes after 

implantation. The bench setup used in this study can be utilized as a training tool for users of the 

proposed image-guided stereotactic system. It can also provide a high throughput testing 

apparatus of the accuracy of targeting of various intraspinal interventions. 

The proposed spinal stereotactic system is easy to assemble and remove and is 

compatible with existing surgical instrumentations. The system can be sterilized using gas 

sterilization methods such as vaporized hydrogen peroxide (VHP) and ethylene oxide 

sterilization (ETO), or other low temperature sterilization techniques such as STERRAD (data 

not shown). Also, since the stereotactic setup is fixed onto the spine through pedicle screws, its 

application is not limited to a specific region of the spine. Additionally, the design of the 

stereotactic setup provides spinal fixation at the implantation site. This is especially beneficial 

for applications such as intraoperative ISMS where movements produced in the leg can result in 

unwanted movements in the spine and spinal cord.  

Nonetheless, since this system mounts onto pedicle screws, a limitation of its application 

may be in people with compromised bone strength. In such cases, addition of infra-laminar 

hooks on the levels above and below the laminectomy region may be considered (DeWald and 

Stanley 2006; Murakami et al. 2006). Also in such cases, the proposed stereotactic system allows 

for the addition of a counter weight over the loops to balance the weight of the micromanipulator 

system and minimize the torque transferred to the spine. 

 

2.5 Conclusions 

In this study, a novel ultrasound-guided spinal stereotactic system was developed. The system is 

mounted onto the spine and has 6 degrees of freedom with sufficient range of motion that allows 
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targeting various parts of the spinal cord precisely. Guidance provided by intraoperative 

ultrasound imaging can assist with localizing the implant site, and accurately guide the electrode 

trajectory.  

This system can be used to perform procedures on the spinal cord that require high 

precision, accurate location, and do not tolerate relative movement between the device and the 

spinal cord. Examples of such procedures are injections (e.g., stem cells, drugs) into the spinal 

cord, or insertion of electrodes into the spinal cord for electrical stimulation. This system will be 

used in the first clinical tests of ISMS, thus facilitating the clinical translation of this electrical 

stimulation modality for restoring standing and walking after spinal cord injury. 
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2.6 Figures 

 

 

Figure 2. 1. The spinal stereotactic setup and its elements with special application to intraspinal 

microstimulation (ISMS). 
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Figure 2. 2. The spinal stereotactic setup. (a) Elements of the spinal stereotactic system (b) 

Micromanipulator placement onto the platform using an adaptor plate. The attachment allows for 

both translation in the craniocaudal direction and adjustment of angles in the coronal plane. (c) 

The platform and its associated elements: fixation screws and sliders. (d) Rotation of the 

electrode in the transverse plane using the stereotactic system. (e) Rotation of the electrode 

holder and electrode in the sagittal plane using the stereotactic system. 
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Figure 2. 3. The spinal stereotactic system used in a domestic pig. (a) Customized setup for 

accurate modification of the ultrasound probe tilt angle in the sagittal plane. (b) Glass-tube 

insertion tool. (c) Ultrasound-guided electrode alignment with a handheld probe. (d) Ultrasound-

guided electrode alignment with the probe mounted onto stereotactic setup.  
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Figure 2. 4. Spinal cord in the transverse (left) and sagittal (right) planes and the landmarks 

(dotted-lines) that can be used to determine its orientation.  In this study, the target for electrode 

insertion angle (a and b) is 90º. 
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Figure 2. 5. Ultrasound images obtained from the lumbar enlargement of the pig spinal cord. (a-

b) Ultrasound guided electrode alignment using the needle artifact and the spinal cord landmarks. 

(c) Doppler ultrasound image of the spinal cord showing cerebrospinal fluid (CSF) pulsations in 

the anterior fissure of the spinal cord. The orientation of the anterior fissure can be used to 

determine the orientation of the spinal cord. 
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Figure 2. 6. Magnetic resonance (MR) and ultrasound images of similar segments of the spinal 

cord. Images in each row (a, b; c, d) belong to the same slice of the spinal cord (a) Measurement 

of insertion angle in MR images. (b) Ultrasound image showing an implanted glass-tube marker. 

(c) MR image of the spinal cord in the transverse plane showing the gray and white matter. (d) 

Ultrasound image in the transverse plane of the spinal cord for a similar section of the spinal 

cord as shown in (c). 
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Figure 2. 7. Bench testing setup and methods.(a) Setup used for bench-tests: a surrogate spinal 

cord submerged in a saline bath with the stereotactic system positioned over it. Weights are used 

to prevent the plastic plate and the attached spinal cord from floating. (b) Prior to testing, a 

partial cut was made on one side of the surrogate spinal cords to simulate the anterior fissure. 
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This was performed while the surrogate cords were in their molds to ensure the cuts were 

properly aligned with the major axis of the surrogate cords. This figure also shows, in a slice of 

gelatin spinal cord, an electrode track resulting from electrical stimulation through the implanted 

electrode. (c) The electrode implanted in the gelatin spinal cord. (d) The electrode track and 

bubbles produced by stimulation through the electrode to mark the electrode’s position for 

further analysis. (e) Ultrasound image of the gelatin spinal cord and the electrode prior to its 

implantation in the transverse plane. (f) Ultrasound image of the gelatin spinal cord and the 

electrode prior to its insertion in the sagittal plane.  
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Figure 2. 8. Suspension setup used for visualization of hind limb movements produced by ISMS 

in the pig spinal cord. 
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Figure 2. 9. Detection accuracy of electrode insertion angle for intraoperative ultrasound 

imaging. Bench-top results are a comparison between the ultrasound measurements and the light 

microscopy measurements of the sample (text section 2.3), and measurements in pigs are a 

comparison between ultrasound and MRI measurements (text section 2.2). The bench-top 

measurements were performed in 4 gelatin spinal cord samples and the measurements in pigs 

were performed in a total of 6 animals (transverse plane measurements performed in 6 animals 

and sagittal plane measurements performed in 2). Error bars represent the 95% confidence 

interval.    
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Figure 2. 10. Alignment accuracy of implant in the transverse plane of the spinal cord measured 

in pigs. Different bar colors represent different implantation techniques: eye-balling (blue), 

ultrasound imaging with a hand-held probe (green), and ultrasound imaging with a mounted 

probe (yellow). Implants conducted under ‘unlimited time condition’ were not limited in time 

and the surgeon was allowed to move around the subject freely to obtain different viewpoints of 

the implant site. Conversely, ‘time constrained condition’ simulated a more realistic surgical 

scenario in which the implantation time for each electrode was limited to 90 seconds and the 

surgeon was only allowed to move on one side of the subject. The red horizontal line represents 

the limit up to which a deviation angle from 90° is acceptable for ISMS applications in the 

human spinal cord.  Error bars represent 95% confidence interval. * p≤0.05; ** p≤0.01; *** 

p≤0.001.  
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Figure 2. 11. Alignment accuracy of implant in the spinal cord measured on the bench. 

Electrodes were placed using ultrasound guidance (with the probe held by hand) in both planes 

and consistent with time constrained condition (n=17). 
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Figure 2. 12. Suspension setup used for intraoperative testing of ISMS in the pig spinal cord and 

an example of the results produced. (a) Leg position before stimulation, (b) leg position after 

stimulation at an amplitude of 75 µA, (c) joint angle changes as a result of the generated 

movement, and (d) evoked EMG activity.  
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3.1 Introduction 

Intraspinal microstimulation (ISMS) is a spinal-cord-neuroprosthetic approach aiming to restore 

lost functions after spinal cord injury (Bamford and Mushahwar 2011; Jackson and Zimmermann 

2012). ISMS activates the motor networks in the spinal cord distal to the site of injury, by 

delivering electrical currents through a microelectrode array implanted into the ventral horns of 

the cord (Bamford et al. 2016). One of the most widely studied applications of ISMS is for 

restoring standing and walking by placing the implants in the lumbosacral enlargement of the 

spinal cord (Lau, Guevremont, and Mushahwar 2007; Saigal, Renzi, and Mushahwar 2004; 

Mushahwar, Collins, and Prochazka 2000; Holinski et al. 2016).  Preclinical studies of ISMS 

have demonstrated its ability in producing coordinated weight-bearing standing and walking 

movements that are fatigue resistant (Holinski et al. 2016; Lau, Guevremont, and Mushahwar 

2007; Mushahwar, Collins, and Prochazka 2000) even following spinal cord injury (Saigal, 

Renzi, and Mushahwar 2004; Bamford, Putman, and Mushahwar 2005). These functional 

benefits have motivated recent efforts for translating this technique towards clinical 

implementation (Toossi et al. 2017, 2018).  

One of the critical requirements for implementation of ISMS neuroprostheses in any 

species is knowledge about the functional organization of the targeted motor networks in the 

lumbosacral enlargement. This information is important for the optimal design and precise 

placement of the ISMS implants. A direct method for obtaining this information is through 

stimulation in various parts of the lumbosacral cord and creation of a map representing the 

evoked responses (i.e., functional map). Although functional maps exist for the lumbosacral 

spinal cord of animals used in ISMS research (Saigal, Renzi, and Mushahwar 2004; Mushahwar 

and Horch 2000b; Mushahwar et al. 2002; Toossi et al. 2016), they have not yet been 
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investigated in humans.  Therefore, the first tests in humans will focus on this objective in an 

intraoperative setting under anesthesia (Toossi et al. 2018). 

The most common anesthetic used for functional mapping of the lumbosacral spinal cord 

in animal models is sodium pentobarbital (Mushahwar and Horch 2000b; Toossi et al. 2016; Lau, 

Guevremont, and Mushahwar 2007; Mushahwar and Horch 2000a; Mushahwar, Collins, and 

Prochazka 2000). Historically, pentobarbital has been used for the implantation and 

intraoperative testing of ISMS microelectrode arrays (Saigal, Renzi, and Mushahwar 2004; 

Mushahwar, Collins, and Prochazka 2000; Holinski et al. 2016; Mushahwar et al. 2002; Holinski 

et al. 2013; Mazurek et al. 2012), assessment of functional outcomes of ISMS in anesthetized 

animals as a model for spinal cord injury (Holinski et al. 2016; Snow, Horch, and Mushahwar 

2006; Lau, Guevremont, and Mushahwar 2007; Holinski et al. 2013) and for developing control 

algorithms for standing and walking using this approach (Lau, Guevremont, and Mushahwar 

2007; Holinski et al. 2013; Mazurek et al. 2012; Guevremont, Norton, and Mushahwar 2007; 

Mazurek et al. 2016). Isoflurane (Rouhani and Erfanian 2018; Hachmann et al. 2013) and 

ketamine (Borrell et al. 2017) have also been used in a few animal studies of ISMS for standing 

and walking. 

Propofol is one of the most commonly used anesthetic agents for functional 

neurosurgeries (Venkatraghavan et al. 2006; Sala et al. 2014; Ostrý et al. 2013; Sala et al. 2006) 

and for placement of neuroprostheses such as deep brain stimulators (Chakrabarti, Ghazanwy, 

and Tewari 2014) and spinal cord stimulators (Shils and Arle 2012). This is due to its rapid onset 

of anesthesia, rapid recovery times and easy application of dose titrations in people (Erickson 

and Cole 2012), along with its good capacity for sensorimotor neurophysiological monitoring 

(Pajewski, Arlet, and Phillips 2007; MacDonald et al. 2013). Therefore, in preparation for 
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intraoperative clinical testing of ISMS, understanding the effect of propofol anesthesia on ISMS 

responses is essential. This is especially important for the accurate interpretation of experimental 

results and their comparison with existing literature. While propofol has been the subject of 

studies investigating its influence on intraoperative neurophysiological monitoring measurements 

(e.g., somatosensory evoked potentials (SSEP) and motor evoked potentials (MEP)) (Sloan 

2002), its influence on neuromuscular responses evoked by ISMS has not been investigated. Our 

goal in this study was to investigate this in a swine model through a comprehensive comparison 

of the effect of propofol anesthesia on the responses produced by ISMS (e.g., leg movements, 

joint torques and their stimulation thresholds) with those evoked under more commonly used 

anesthetic agents for preclinical research of ISMS, namely pentobarbital and isoflurane.  

 

3.2 Methods 

Pigs were chosen for this study as they are a good model for translational biomedical research 

(Swindle et al. 2012) and are increasingly considered a suitable large animal model for studies of 

spinal cord injury (Benavides et al. 2016; Lee et al. 2013; Kwon et al. 2015) and intraspinal 

microstimulation (Toossi et al. 2017, 2018; Hachmann et al. 2013). All experiments were 

conducted in accordance with protocols approved by the Animal Care and Use Committee at the 

University of Alberta. 

 

Surgery. Experiments were conducted in seven male domestic pigs (49.0 ± 9.1 kg) with intact 

spinal cords. Animals were premedicated with an intramuscular injection of ketamine (22 

mg/kg), and glycopyrrolate (0.01 mg/kg), induced with isoflurane (4%, 100% O2) and intubated 

through direct laryngoscopy. The pigs were mechanically ventilated (18-22 breaths/min) and 
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anesthesia was maintained with inhalational isoflurane (2.0-3.5%, 100% O2) in combination with 

remifentanil intravenous infusion for enhanced anesthesia and analgesia for the duration of the 

surgery. All animals were surgically implanted with an indwelling distal brachial arterial catheter 

for continuous direct blood pressure monitoring and collection of arterial blood for blood gas 

analyses. Muscles and fascia were carefully dissected and a laminectomy was performed from 

lumbar vertebra L3 through L5 to expose the lumbosacral enlargement of the spinal cord (Toossi 

et al. 2017). Spine levels L3 to L5 were then fixed by placement of four pedicle screws 

bilaterally (4.5 mm in diameter, Medtronic Co., Dublin, Ireland) in the pedicles of vertebrae L3 

and L5, secured longitudinally with surgical rods. Spinal fixation was implemented to minimize 

the movement between the spinal column and the lumbosacral enlargement of the spinal cord, 

the implantation site for the ISMS microelectrode array. Prior to microelectrode implantation, the 

dura mater over the exposed region of the spinal cord was incised and secured with lateral stay 

sutures.  

  

ISMS microelectrode array and implantation procedure. The ISMS microelectrode array was 

made out of 12 microwires (50 µm diameter; California Fine Wire Co., Grover Beach, CA, 

USA), insulated with 4 µm polyimide except for 200 µm at the sharpened tip.  Each microwire 

had a bent portion of 4.8-5.0 mm at the distal end (tip) for insertion in the cord. The array was 

secured to the L2 spinous process and extended over the 5 cm long region of the lumbosacral 

enlargement. The return electrode consisted of a multi-stranded stainless steel wire (Cooner Wire 

Co., Chatsworth, CA, USA), 300 µm in diameter, insulated with Teflon except for a 5 cm-long 

region at the tip. Details of the design of the ISMS microelectrode arrays are described by 

Bamford et al (Bamford et al. 2016). 
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 The microwire electrodes were individually implanted into the ventral horn of the spinal 

cord on one side. Implantation targets were chosen based on the available functional maps of the 

lumbosacral spinal cords of cats and monkeys (Saigal, Renzi, and Mushahwar 2004; Mushahwar 

and Horch 2000b; Mushahwar et al. 2002; Toossi et al. 2016). In animals #5-7, ultrasound 

imaging was  used to acquire intraoperative feedback on the location of the implanted electrode 

tips within the spinal cord, and allow for adjustments if necessary (Toossi et al. 2018). 

 

Anesthesia protocols. After completion of the surgery and placement of the ISMS implant, a 

series of measurements were conducted under three anesthetic protocols. For all measurements, 

the animals were maintained in surgical plane of anesthesia, as determined by the absence of 

responses to nose pinch and maintenance of baseline heart rate (80-120 beats/min).  

 

Protocol 1: Inhalational isoflurane anesthesia. The average inspiratory concentrations of 

isoflurane used in this study ranged from 2% to 3.5%.   

 

Protocol 2: A total intravenous anesthesia (TIVA) protocol with a combination of propofol (40-

145 µg/kg/min), remifentanil (0.03-0.14 µg/kg/min), lidocaine (fixed dosage: 1.0 mg/kg/hr), and 

dexmedetomidine (fixed dosage: 0.2 µg/kg/hr). The depth of anesthesia was controlled by 

adjusting the dosages for propofol and remifentanil. The drugs were administered intravenously 

through catheters in ear veins using 4 syringe pumps. At the start of the protocol, loading doses 

of 0.8-3.5 mg/kg of intravenous propofol were administered to the pig to transition from gas 

anesthesia to TIVA. Boluses of propofol were also occasionally administered during the 

procedure to assist in maintaining adequate anesthesia when required. The addition of lidocaine 
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and dexmedetomidine either individually or in combination to a mixture of remifentanil and 

propofol reduces the amount of propofol and remifentanil required to maintain effective levels of 

surgical anesthesia (Xu et al. 2017; Sloan et al. 2014) and reduces post-operative pain (Xu et al. 

2017). Lidocaine (Urban et al. 2017; Sloan et al. 2014) and dexmedetomidine (Li et al. 2016) 

have also been shown to not affect the intraoperative MEP and SSEP recordings for 

neurophysiological monitoring.  

 

Protocol 3: A TIVA protocol with pentobarbital (8-13 mg/kg/hr). At the start of the protocol, a 

loading dose of 25 mg/kg pentobarbital was administered over 10-20 minutes. 

 

Study design. The anesthesia protocols were tested in series, with washout periods to transition 

from one protocol to another (figure 3.1). This study design allowed the comparison of the 

responses to ISMS under different anesthetic protocols for each implanted microelectrode in the 

same animal. The order of the anesthetic protocols was maintained for all experiments and 

pentobarbital anesthesia was chosen to be the last in the sequence due to its prolonged drug 

clearance and recovery time (Frederiksen et al. 1983). 

The following outcome measures were recorded under stable conditions in each 

anesthetic protocol: i) MEP produced by transcranial electrical stimulation (TES); ii) Stimulation 

thresholds for evoking a visible movement twitch or electromyographic (EMG) activity in the 

recorded muscles; iii) Kinematics of the movements evoked by ISMS; iv) Joint torques evoked 

by ISMS; and v) EMG signals evoked by ISMS. 

After completing the measurements under one anesthetic protocol, administration of the 

drugs was stopped, and the animal was transitioned to drugs for the next protocol. The anesthetic 
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protocols overlapped to ensure the pig remained in surgical plane of anesthesia throughout the 

procedure. After transitioning to the new anesthetic protocol and prior to initiating the 

measurements, a washout period was implemented to clear the drugs from the previous protocol. 

The criterion used for choosing the duration of the washout periods was the estimated time until 

awakening for each anesthetic protocol.  

The first washout period between isoflurane (protocol 1) and propofol (protocol 2) 

anesthesia was 30-60 minutes (30 minutes for animals #1-3, and 60 minutes for animals #4-7). 

This duration was chosen based on an estimated context-sensitive decrement time for recovery in 

humans and assuming it to be the same for pigs.  

Given that the inspiratory concentrations of isoflurane ranged from 2%-3.5% (0.5-0.65 

L/min total flow) in this study, the maximal expiratory concentration of isoflurane can be 

estimated to be 3.5% or less. We utilized an open circle anesthesia circuit; therefore, it is 

unlikely that expiratory isoflurane approached 3.5%. Nonetheless, this concentration is 

equivalent to 2.3x the estimated minimum alveolar concentration (MAC) in pigs (Steffey et al., 

1994).  

The context-sensitive 80% decrement time for isoflurane plateaus at approximately 30 

minutes, after 350 minutes of anesthesia (Bailey 1997; Eger and Shafer 2005). Therefore, after 

30 minutes of washout, the maximal expiratory isoflurane concentration (2.3x MAC) reduces to 

an estimated concentration of 0.46x MAC. These concentrations are in the range of MAC-awake 

levels (50% of the patients respond to verbal directives) for isoflurane (Dwyer et al. 1992). 

Therefore, washout durations longer than 30 minutes meet the washout criteria for this study. 

The duration of the second washout period, between propofol and pentobarbital 

protocols, was 60 minutes. The average reported time for recovery (awakening and 
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understanding verbal directives) from propofol-remifentanil anesthesia in humans (average 

anesthesia time: ~193 min), is reported to be 8.5 minutes post-anesthesia (Rocha et al. 2017). 

The 60 minute washout period is also sufficient for an effective clearance of remifentanil, 

dexmedetomidine and lidocaine as their context-sensitive decrement times are relatively short. 

The 90% decrement time of remifentanil for a 3 hour infusion in humans is approximately 10 

minutes (Kapila et al. 1995). The context-sensitive half time for dexmedetomidine after 2 hours 

of infusion is approximately 40 minutes in humans (Talke et al. 1997). Context-sensitive half-

time of lidocaine for infusions up to 72 hours long is 20-40 minutes (Eipe, Gupta, and Penning 

2016).  

 

Plasma concentration of propofol post-infusion. After the termination of propofol infusion 

(end of protocol 2), arterial blood samples were collected in heparinized tubes. Plasma samples 

were collected at 0, 5, 10, 15, 20, 30, 40, and 60 minutes after the discontinuation of the 

anesthetic infusion to determine the plasma elimination kinetics for propofol and confirm the 

sufficiency of the washout period. Blood samples were centrifugated at 4ºC and 1000 g 

acceleration for 10 minutes, and collected plasma samples were snap frozen by liquid nitrogen 

and stored in -80ºC. Ultra-performance liquid chromatography (UPLC) analysis was performed 

on the collected samples to measure the concentration of propofol in plasma. 

 

Vital signs and blood gas monitoring. Vital signs including heart rate, expiratory carbon 

dioxide concentration, pulse oximetry, temperature, and arterial blood pressure were monitored 

and recorded. Arterial blood gas analyses were also conducted intermittently throughout the 

experiments. These analyses were: pH, partial pressures of oxygen and carbon dioxide, oxygen 
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saturation, bicarbonate content, anion gap, base excess, total hemoglobin, total carbon dioxide 

concentration, and concentration of sodium, potassium, and chloride ions. 

 

Motor evoked potentials (MEP). Two corkscrew TES electrodes were placed in the FC1 and 

FC2 landmarks over the animal’s skull, according to the modified 10-20 international system for 

electroencephalography electrode placement in pigs (Benavides et al. 2016). These landmarks 

were 5 mm lateral to the midline and 7.5 mm rostral to the cranial vertex. The TES paradigm was 

5 pulses with an inter-stimulus interval (ISI) of 1 ms at an amplitude of 600 V. The resulting 

MEPs were recorded using a Noraxon digital telemetry system (Noraxon Co., Scottsdale, AZ, 

USA). EMG recordings were digitized at a sampling frequency of 3000 Hz from 5 muscles using 

surface electrodes (gluteus medius, biceps femoris, vastus lateralis), or intramuscular electrodes 

(tibialis anterior, gastrocnemius). MEP recordings were obtained at the beginning and at the end 

of each anesthesia protocol. Each recording was repeated three times. Data analyses were 

conducted using a custom written program in Matlab (version 2015a, MathWorks Co., Natick, 

USA). 

 

Intraspinal microstimulation (ISMS) and recordings of stimulation thresholds. The ISMS 

protocol consisted of 0.5 s-long trains of biphasic, symmetric, charge-balanced pulses with a 

frequency of 50 Hz, pulse width of 200 µs and intensities up to 150 µA. 

 In order to detect the stimulation threshold for each implanted electrode, a series of 

stimulation trains with gradually decreasing intensities were delivered. The smallest stimulation 

intensity that evoked an EMG activity in the recorded muscles or a visible muscle twitch was 
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defined as the stimulation threshold. Stimulation thresholds for all implanted microelectrodes 

were recorded at the beginning and at the end of each anesthesia protocol.  

 

Kinematics, joint torques, and EMG activity. Reflective markers were placed on the iliac 

crest, hip, knee, ankle, and metatarsophalangeal joints (figure 3.2) in order to capture the hind 

limb movements produced by ISMS. A video camera (Logitech Co., Lausanne, Switzerland) was 

positioned perpendicularly to the recorded hindlimb, capturing the movements in the sagittal 

plane. Video recordings and kinematic data analyses were performed using the Noraxon MR3 

software package (Noraxon Co.).  

 

Joint torques produced by ISMS were calculated from isometric forces measured using a 150 lb-

load cell (Interface Inc., Scottsdale, AZ, USA) with a sampling frequency of 3000 Hz. ISMS-

evoked EMG activity was also recorded from 5 muscles as described for MEP recordings. Data 

analyses for torques and EMG recordings were performed using custom written Matlab 

programs. 

 

Euthanasia, post-mortem procedures and magnetic resonance imaging. After the completion 

of data collection under the last anesthetic protocol, the animal was euthanized with an 

intravenous injection of euthanyl, followed by the extraction of the spine along with the spinal 

cord from vertebral levels L2-L6. The extracted specimen was then fixed in formaldehyde 

solution (4%). In order to identify the location of the implanted electrodes in the spinal cord, 

samples underwent magnetic resonance imaging (MRI) while submerged in saline. MRI scans 

were obtained using a 3T Siemens Prisma MRI scanner and a 1Tx/15Rx knee coil at the Peter S. 
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Allen MR Research Centre, University of Alberta. The images were acquired using a 2D T2-

weighted turbo spin echo sequence with a resolution of 0.25 mm x 0.25 mm x 1 mm. MRIs were 

analyzed using ImageJ software (U.S. National Institute of Health, Bethesda, MD, USA). 

 

Statistical analyses. Before conducting comparative statistics, each dataset was tested for 

distribution normality using a Shapiro-Wilk test. Measurements of stimulation threshold, joint 

torque, and joint ranges of motion (change in joint angle) did not pass the normality distribution 

test, while the EMG amplitudes were normally distributed. In each animal, the stimulation 

thresholds at the beginning and the end of each anesthetic protocol were compared using a 

Mann-Whitney U test. One-way ANOVA with repeated measures tests followed by Bonferroni 

post-hoc tests were performed to compare the stimulation thresholds, joint torques, range of 

motions, and EMG amplitude under different anesthetic protocols. Mauchly’s test of sphericity 

was conducted for all groups compared using the repeated measure ANOVA test. In cases that 

the assumption of sphericity was not valid, Greenhouse-Geisser correction was used. 

Interquartile ranges (IQR) were calculated by subtracting the first quartile (Q1) from the third 

quartile (Q3). Differences were considered significant for p≤0.05. All statistical analyses were 

conducted using IBM SPSS software (version 22, IBM Co., Armonk, USA). 

 

3.3 Results 

Electrode locations. Locations of the tips of the implanted microelectrodes in the spinal cords of 

all animals are shown in figure 3.3. In total, the tips of 57 microelectrodes were positioned in the 

gray matter and those of 19 microelectrodes in the white matter. Microelectrode tips located on 

the boundary of the gray and white matter of the spinal cord were considered to be in the white 
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matter. Microelectrode tips implanted in the gray matter were located in Rexed laminae VII – IX 

(Rexed 1952). Microelectrode tips implanted in the white matter were in the ventral and 

ventrolateral funiculi.  

 

Concentration of propofol in plasma after cessation of infusion. Plasma concentration curves 

of propofol after stopping its infusion are shown in figure 3.4. These curves were recorded to 

validate the sufficiency of the duration of the washout period applied for propofol. Assuming a 

two compartment model for the pharmacokinetics of propofol (Hill 2004), a 2-term exponential 

equation was fit to the plasma concentration measurements. While propofol was given as 

continuous infusion, in 3 experiments (animals 5, 6, and 7) a bolus of propofol was also 

administered less than 10 minutes before the termination of infusion. Influence of the bolus 

injections can be seen in the higher initial plasma concentrations in these experiments. The total 

infusion time of propofol was 124 ± 27 minutes and the plasma concentration of propofol at 60 

minutes post infusion was 0.228 ± 0.061 µg/mL.  

The reported range of plasma concentration of propofol (C50) for awakening in humans is 

0.7-1.59 µg/mL (Wessén et al. 1993; Schüttler et al. 1988; Kazama et al. 1998). In pigs, the 

average awakening concentration of propofol in whole blood is 1.1 µg/mL (Adam, Glen, and 

Hoyle 1980). The ratio of whole blood and plasma concentrations of propofol has been studied in 

rats and humans and the ratios are 1.7 (Yeganeh and Ramzan 1997) and 1.25 (Fan et al. 1995), 

respectively. Assuming similar ratios apply to pigs, the awakening plasma concentration of 

propofol in pigs is estimated to be 0.65-0.88 µg/mL. The measurements of plasma concentration 

of propofol conducted at the end of the washout period (60 minutes) ranged from 0.17 to 0.32 
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µg/mL. These concentrations are on average 65% smaller than the lowest concentration reported 

for awakening in pigs and humans (0.65 µg/mL).  

The plasma concentration half-time of propofol for animals 1-4 (without an extra bolus of 

propofol at the end of the anesthetic protocol) and 5-7 (with an extra bolus of propofol at the end 

of the anesthetic protocol) were 18.7 ± 11.2 and 6.2 ± 6.7 minutes, respectively. The values are 

comparable to those in humans, where half-times for infusions for 2 hours (the average duration 

of the propofol protocol in this study) and for bolus injections, are approximately 15 minutes and 

5 minutes, respectively (Hill 2004; Hughes, Glass, and Jacobs 1992). 

 

Clinical parameters. The vital signs for all animals under the three anesthesia protocols are 

shown in figure 3.5. The average (± standard error) heart rate, mean arterial pressure, expiratory 

CO2 concentration, blood oxygen saturation level, and temperature, for all animals (n=7) were 

111.9±5.8 beats/min, 71.7±4.8 mmHg, 49.1±3.3 mmHg, 97.5±0.3 %, 39.3±0.3 °C, respectively. 

Measurements of arterial blood gases are also provided in table 1.  

The vital signs and blood gases remained stable throughout each experiment and the 

values were within clinically acceptable ranges. The only exceptions were a few time points in 

the experiment involving animal #3, during which abnormal increases in partial pressure of 

carbon dioxide (>60 mmHg) and potassium ion concentration (>10 mmol/L) had occurred. The 

data collected during these time points were excluded from all analyses. 

 

Stimulation thresholds. Stimulation thresholds were measured once at the beginning and once 

at the end of each anesthetic protocol for all implanted microelectrodes (in 6 experiments), to 

assess the stability of evoked responses under the plane of anesthesia in which all measurements 
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were conducted (figure 3.6a). The starting and ending stimulation thresholds were not 

significantly different from each other in any of the anesthetic protocols and animals (p>0.378), 

demonstrating that the depth of anesthesia was stable and consistent for measurements of ISMS 

responses.  

Stimulation thresholds measured at the beginning of each anesthetic protocol were used 

for comparisons across anesthetic protocols (figure 3.6b). The median stimulation thresholds for 

electrodes in the gray and white matter of the spinal cord were 16 µA (IQR=13.5 µA) and 17 µA 

(IQR=12.5 µA) under isoflurane anesthesia (protocol 1), 11 µA (IQR=11 µA) and 12.5 µA 

(IQR=32.25 µA) under propofol anesthesia (protocol 2), and 11 µA (IQR=14 µA) and 12 µA 

(IQR=40 µA) under pentobarbital anesthesia (protocol 3). A significant difference was found in 

the stimulation thresholds depending on the anesthetic protocol (p<0.001 for microelectrodes 

implanted in the gray matter). For microelectrodes implanted in the gray matter, the stimulation 

thresholds were significantly larger under isoflurane anesthesia than those under propofol 

(p=0.003) and pentobarbital (p=0.002). However, the stimulation thresholds under propofol and 

pentobarbital anesthesia were not statistically different from each other (p=1.00). The median of 

the stimulation thresholds under isoflurane were 45% larger than the median thresholds under 

pentobarbital and propofol. 

  

Joint torques. The ISMS-evoked joint torques are shown in figure 3.7a. Torques were measured 

for knee extension (39% of all measurements), ankle extension (15.6% of all measurements), 

ankle flexion (12.5% of all measurements), extensor synergy movements consisting of hip, knee 

and ankle extension (10.9% of all measurements), and hip flexion (9.3% of all measurements), 

hip extension (6.25% of all measurements), hip abduction (1.5% of all measurements), hip and 
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knee extension synergy (4.7% of all measurements), in 7 experiments. For electrodes with tips in 

the gray matter, the measured joint torques ranged from 0 to 5.95 N.m (median 0.67, IQR 1.97 

N.m) under isoflurane, 0.003 to 15.62 N.m (median 1.44, IQR 5.06 N.m) under propofol, and 

0.0006 to 17.47 N.m (median 1.68, IQR 4.78 N.m) under pentobarbital. For electrodes with tips 

in the white matter, the joint torques ranged from 0 to 1.81 N.m (median 0.17, IQR 0.49 N.m), 

0.01 to 7.17 N.m (median 0.51, IQR 1.14 N.m), and 0.05 to 9.19 N.m (median 0.48, IQR 0.81 

N.m), under isoflurane, propofol and pentobarbital, respectively.   

A comparison of the joint torques showed an anesthetic-dependent effect (p<0.001 for 

electrodes in the gray matter). The produced torques were significantly larger under 

pentobarbital (p<0.001) and propofol (p<0.001) anesthesia compared with those under isoflurane 

anesthesia. The torques however were not significantly different between pentobarbital and 

propofol anesthesia (p=0.106). The median normalized joint torques produced during 

pentobarbital anesthesia were 2.5x larger than those produced under isoflurane. Median joint 

torques produced during propofol anesthesia were 2.15x larger than those under isoflurane. 

 

Joint kinematics. The range of motion produced by ISMS, exemplified by changes in joint 

angle, is shown in figure 3.7b. Half of the range of motion measures were obtained for the knee 

joint and the other half for the ankle joint in three experiments. All measurements were obtained 

for microelectrodes with tips in the gray matter of the spinal cord. The median ranges of motion 

were 3° (IQR: 7°), 20° (IQR: 14.5°), and 19° (IQR: 13.25°), under isoflurane, propofol, and 

pentobarbital, respectively. The range of motion evoked by ISMS was also anesthetic dependent 

(p<0.001) and was significantly larger under pentobarbital (p<0.001) and propofol (p<0.001) 

anesthesia than under isoflurane. The range of movement was not different under propofol and 



 
 

100 

pentobarbital anesthesia (p=1.00) (figure 3.7b). The median values of the ranges of motion were 

6.33x and 6.67x larger under pentobarbital and propofol anesthesia than under isoflurane, 

respectively. 

 

EMG responses. A comparison of the EMG responses produced by ISMS under different 

anesthetic protocols also showed an anesthetic-dependent effect (p<0.001). An example of an 

EMG response in the vastus lateralis muscle to ISMS delivered through the same microelectrode 

under the different anesthetic agents is shown in figure 3.8a. The average amplitudes of the 

evoked EMG pulses across various muscles under the different anesthetic protocols are shown in 

figure 3.8b. Comparison of the EMG amplitudes demonstrated that they were significantly 

smaller under isoflurane than under propofol and pentobarbital anesthesia (p<0.003) for vastus 

lateralis, gluteus medius, biceps femoris muscles. The amplitude of the EMG responses however 

were not significantly different from each other under propofol and pentobarbital anesthesia 

(p>0.173 for gluteus medius, biceps femoris, gastrocnemius, tibialis anterior). An exception to 

this trend, was the vastus lateralis muscle, in which the EMG amplitudes were larger under 

pentobarbital than propofol anesthesia (p<0.006).  

  As shown in figures 3.8c and 3.9, the pattern of the EMG pulse train was also influenced 

by the choice of anesthesia. Under isoflurane anesthesia, the amplitude of the EMG pulses 

gradually decreased over the first few pulses and stabilized at a lower amplitude (p≤0.012 for 

vastus lateralis, gluteus medius, and gastrocnemius muscles). This was in contrast with the 

responses under propofol and pentobarbital anesthesia where the EMG pulse amplitudes 

stabilized at a similar (p≥0.054 for gluteus medius, biceps femoris, tibialis anterior and 
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gastrocnemius under propofol and pentobarbital) or larger (p<0.012 for vastus lateralis under 

propofol and pentobarbital) amplitude.  

 

MEP measurements. MEP recordings were conducted in 3 experiments at the beginning and 

end of each anesthetic protocol (figure 3.10). MEPs were completely suppressed under the 

isoflurane anesthetic protocol. However, responses were present under propofol and 

pentobarbital protocols and had larger amplitudes under propofol than pentobarbital anesthesia. 

Nonetheless, the MEP responses, when present, tended to have different amplitudes at the 

beginning and end of each anesthetic protocol.  

 

3.4 Discussion  

The overall goal of this study was to investigate the effect of three clinical and preclinical 

anesthetic protocols on the intraoperative responses evoked by ISMS. Understanding the effect 

of anesthesia on the physiology of the nervous system is essential for optimal placement of 

implantable neuroprosthetic devices. Similar to deep brain stimulation for treating movement 

disorders, intraoperative responses to stimulation provide necessary feedback for fine-tuning the 

site of ISMS in the spinal cord. Therefore, an acceptable anesthetic protocol is one that does not 

substantively suppress the responses to ISMS during intraoperative testing, where understanding 

the organization, excitability, and functionality of the motor networks targeted by ISMS in the 

human lumbosacral spinal cord is necessary. An accurate interpretation of intraoperative results 

of ISMS is only possible with an understanding of the effects of different anesthetic protocols on 

measured outcomes in preclinical and clinical studies. To our knowledge, this is the first study 
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that quantifies the effects of different anesthetic agents on motor outcomes produced by spinal 

implants. 

 The results of the study demonstrated that responses to ISMS such as stimulation 

thresholds, evoked joint torques, movement-ranges and EMG amplitudes are substantially 

affected by the choice of anesthesia. In comparison with propofol and pentobarbital anesthesia, 

isoflurane significantly increased ISMS thresholds for evoking a movement or EMG activity in 

the hindlimbs, and significantly reduced the size of joint torques, ranges of motion, and EMG 

pulses evoked by ISMS. The responses to ISMS, however, were not significantly different 

between propofol and pentobarbital anesthesia.  

All three anesthesia protocols tested in this study produce effective general anesthesia 

and have similarities in their cellular mechanisms. Isoflurane potentiates the activity of GABAA 

(Topf et al. 2003; Jia et al. 2008) and glycine (Harrison et al. 1993) receptors, as well as 

presynaptic inhibition of glutamate release (Baumgart et al. 2015). Pentobarbital acts by 

activation and potentiation of GABAA receptors (Ho and Harris 1981; Richter and Holtman 

1982), presynaptic inhibition of glutamate release, and inhibition of AMPA and kainate receptors 

(Löscher and Rogawski 2012).  The cellular activity of propofol is more selective and mainly 

involves the potentiation of the activity of GABAA receptors (Hemmings et al. 2005; Jurd et al. 

2002; Sonner et al. 2003). Despite the shared effect of these anesthetics on the GABAA receptor, 

the specific binding sites they interact with vary. Using genetically modified GABAA receptors, 

it was demonstrated that specific point mutations in transmembrane segments 2 and 3 (TM2 and 

TM3) of the α1, α2, or α3 subunits result in the receptors becoming insensitive to isoflurane 

(Schofield and Harrison 2005; Nishikawa et al. 2002; Mihic et al. 1997; Jenkins et al. 2001; Hall 

et al. 2004; Krasowski et al. 1998). Likewise, propofol’s selectivity was demonstrated by 
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introducing mutations in the β subunits, which eliminated its potentiation of GABAA receptors 

(Jurd et al. 2002; Krasowski et al. 1998). β subunit dependence has also been shown for the 

potentiating action of pentobarbital on these receptors (Zeller et al. 2007; Maldifassi, Baur, and 

Sigel 2016). Collectively, these findings suggest that preferential binding by the anesthetic 

agents under investigation may play a role in the varying potentiation effects of these anesthetics 

through the GABAA receptor.  

Dexmedetomidine is an α2 adrenoreceptor agonist and its action on the adrenergic 

receptors in the brain stem is considered to be the main source of its sedative function (Gertler et 

al. 2001). Intravenous lidocaine has analgesic properties through presynaptic inhibition and 

hyper-polarization of the nociceptive neurons in the dorsal horns of the spinal cord (Kurabe, 

Furue, and Kohno 2016). The addition of dexmedetomidine and lidocaine to the propofol TIVA 

protocol has been shown to reduce the amount of propofol and remifentanil needed to maintain 

anesthesia and reduce post-operative pain (Xu et al. 2017; Sloan et al. 2014). 

With respect to their action on the spinal cord, isoflurane and propofol have been shown 

to reduce the activity of neurons in both the dorsal and ventral horns (Kungys et al. 2009; Kim et 

al. 2007; Jinks et al. 1999; Antognini et al. 2000). Suppression of the activity of neurons in the 

dorsal horns of the spinal cord has also been shown under pentobarbital (Nagase et al. 1994). 

Application of picrotoxin (GABA antagonist) significantly reverses (to ~80% of control) the 

suppressive effect of propofol in the spinal cord, indicating its action on GABA receptors 

(Kungys et al. 2009). The effect of isoflurane on the spinal cord neurons is more broad and 

mediated through both GABAA and glycine receptors (Kungys et al. 2009; Zhang et al. 2004; 

Grasshoff and Antkowiak 2006). Consistent with the evidence of suppression of neurons in the 

ventral horns, depression of the H-reflex has also been reported for isoflurane and propofol 
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(Zhou, Mehta, and Leis 1997; Kerz et al. 2001; J. H. Baars et al., n.d., 2006; King and Rampil 

1994). Furthermore, all three anesthetics reduce the excitability of spinal motoneurons (based on 

F-wave recordings for isoflurane and propofol, and ventral root recordings for pentobarbital) 

(Zhou, Mehta, and Leis 1997; Kerz et al. 2001; J. H. Baars et al., n.d., 2006; King and Rampil 

1994; Nicoll and Wojtowicz 1980; Dueck et al. 2003). This evidence suggests that all three 

anesthetic agents impose a level of suppression onto the motor networks in the spinal cord, and 

therefore influence the responses evoked by ISMS compared to the awake state. However, 

without direct comparative evaluations as conducted in this study, limited knowledge may be 

gained about their effects relative to each other on motor output.  

Measurements of the H-reflex under propofol and sevoflurane (a halogenated ether with 

larger surgical-MAC (Hikasa et al. 1998) and lower tissue solubility (Sloan 2002) than 

isoflurane) showed a significantly larger suppression of this monosynaptic reflex under 

sevoflurane compared with propofol (Baars et al. 2009; Matute, Rivera-Arconada, and López-

García 2004). These results are consistent with the findings of the present study where larger 

suppression of ISMS responses were observed under isoflurane in comparison with propofol.    

The EMG responses evoked by ISMS had different amplitude profiles under isoflurane 

compared with propofol and pentobarbital anesthesia. The EMG responses under isoflurane 

showed a progressive depression in amplitude after the first pulse, resembling the post activation 

depression (PAD) seen with repetitive activation of the H-reflex (Clair et al. 2011). One of the 

proposed mechanisms for PAD is presynaptic inhibition at the terminals of Ia afferents 

projecting onto the motoneurons (Schieppati 1987; Crone and Nielsen 1989). This is mediated by 

an inhibitory (last order PAD) interneuron with an axo-axonal synapse onto the Ia axon terminal 

(Rudomin and Schmidt 1999). The Ia axon terminal contains GABAA receptors (Rudomin and 
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Schmidt 1999) which are sites of action for isoflurane, facilitating presynaptic inhibition for 

PAD. This is supported by the evidence of increased presynaptic inhibition of Ia afferents under 

sevoflurane in humans (Baars et al. 2007).   

Similar reasoning would also apply to the effects of propofol and pentobarbital anesthesia 

since these anesthetics also are GABAA receptor agonists. Baars et al. reported facilitation of 

presynaptic inhibition of Ia afferents under propofol anesthesia (Baars et al. 2006). Nevertheless, 

the relationship between the level of facilitation of presynaptic inhibition provided by isoflurane, 

propofol and pentobarbital is unclear and may be a mechanism for the observed differences in 

EMG amplitude profiles under the different anesthesia protocols. Further studies are needed to 

determine the mechanism behind the different EMG patterns observed. 

MEP measurements had the largest amplitude under propofol anesthesia, followed by 

pentobarbital. In comparison, isoflurane completely abolished the MEP responses. These 

findings are in-line with other investigations reporting significant suppression of MEPs under 

isoflurane anesthesia, moderate suppression and more variable MEPs (amplitude) under 

pentobarbital, and consistent MEP recordings with moderate suppression under propofol 

(MacDonald et al. 2013; Sloan 2002; Calancie et al. 1991; Nathan et al. 2003; Kalkman et al. 

1995). In contrast to the stimulation thresholds for ISMS which were stable throughout the 

duration of each anesthetic protocol, the amplitudes of MEP responses changed over time. This 

suggests that the cortical/spinal/neuromuscular pathway of the MEPs is more sensitive to the 

effects of anesthesia than the spinal/neuromuscular pathway associated with the ISMS responses. 

This is reasonable due to the presence of a larger number of synapses in the MEP pathway 

(MacDonald et al. 2013; Sloan 2002). Nonetheless, the observed difference emphasizes that 
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knowledge of the effect of various anesthetics on MEP responses only may not directly be 

generalized to spinal cord stimulation paradigms such as ISMS. 

Based on the results presented, both propofol and pentobarbital are deemed suitable 

anesthetic agents for intraoperative testing of ISMS. Propofol anesthesia is a more suitable 

protocol due to anesthetic traits that include fast recovery and easy drug titration. Additionally, in 

cases where neuromonitoring has merit (e.g., incomplete spinal cord injury or intact spinal cord), 

propofol anesthesia is preferred over pentobarbital anesthesia, since it provides more reliable 

recordings of MEP and somatosensory evoked potentials (Sloan 2002).  

 

3.5 Conclusions 

This study demonstrated, for the first time, that the responses evoked by ISMS are similar under 

propofol and pentobarbital anesthesia. Sodium pentobarbital has been the primary intraoperative 

anesthetic agent in preclinical studies of ISMS, and the functional outcomes obtained under this 

anesthetic agent are representative of those obtained in the awake state. Therefore, the propofol 

TIVA protocol used in clinical neurosurgical procedures, and duplicated in this study, is an 

appropriate protocol for intraoperative testing of ISMS. Intraoperative testing of ISMS is a 

critical step in the translation of this promising neural prosthetic approach to the clinic for 

restoring standing and walking after spinal cord injury. In this study, the ISMS-evoked responses 

under propofol anesthesia were clear, stable, strong and functional. Similar responses by ISMS 

are expected during human intraoperative testing, allowing, for the first time, an unambiguous 

electrophysiological assessment of the motor networks for standing and walking in people with 

spinal cord injury. This study also demonstrated that isoflurane is an inappropriate anesthetic 

agent for preclinical studies that investigate the electrophysiological properties of the spinal cord. 
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Isoflurane is also an inappropriate anesthetic agent for ISMS implants that require accurate 

placement of electrodes in the cord.   
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3.6 Tables 

Table 3. 1. Summary of arterial blood gas measurements. Measurements are presented as mean 

± standard deviation. ‘n’ is the number of measurements obtained in each experiment. tHb: total 

hemoglobin; HCO3: Bicarbonate content; AnGap: Anion Gap; BE: Base excess; tCO2: total 

carbon dioxide content.  

 

 

Measurements 

(unit) 

Animal 

#1 

(n=13) 

Animal 

#2 

(n=14) 

Animal #3 

(n=11) 

Animal #4 

(n=6) 

Animal #5 

(n=8) 

Animal #6 

(n=7) 

Animal 

#7 

(n=8) 

pH 
7.49± 

0.07 

7.48± 

0.04 

7.41± 

0.09 

7.45± 

0.01 

7.55± 

0.06 

7.48± 

0.05 

7.45± 

0.04 

HCO3 

(mmol/L) 

25.67± 

2.37 

25.5± 

1.75 

26.04± 

2.53 

23.43± 

4.84 

24.01± 

1.95 

21.27± 

3.72 

24.86± 

2.27 

AnGap 
(mmol/L) 

12.02± 

2.77 

12.09± 

2.09 

12.98± 

2.28 

15± 

3.61 

12.94± 

2.76 

13.13± 

2.96 

11.75± 

1.82 

tHb 

(g/dL) 

10.07± 

0.62 

10.21± 

0.84 

10.35± 

0.64 

9.85± 

9.19 

10.78± 

0.97 

7.65± 

1.55 

9.38± 

1.21 

BE 

(mmol/L) 

3.05± 

2.76 

2.66± 

1.81 

1.8± 

3.22 

0.43± 

3.63 

3.34 ± 

2.81 

0.69± 

3.40 

1.51± 

1.13 

Na+ 

(mmol/L) 

136.85±

2.64 

137.64± 

5.05 

136.55± 

4.55 

140.84± 

2.32 

141.13± 

1.89 

140± 

3 

140± 

1.51 

K+ 

(mmol/L) 

6.01± 

0.95 

5.22± 

1.38 

7.39± 

2.14 

5.4± 

0.82 

4.16± 

0.55 

4.24± 

0.86 

5.34± 

0.87 

Cl- 

(mmol/L) 

105.15±

1.72 

105.29± 

3.63 

103.73± 

3.23 

108± 

3.16 

108.5± 

1.51 

109.86± 

3.44 

109± 

1.07 
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3.7 Figures 

 

 

Figure 3. 1. Experimental design. Shown is the sequence of anesthesia protocols and outcome measurements throughout each 

experiment. Oval shapes represent the transition periods from one anesthetic to another. MEP: motor evoked potential; DEX: 

dexmedetomidine.  
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Figure 3. 2. Setup for measurements of muscle activity and kinematics. Reflective markers were 

placed on the main hindlimb joints to capture evoked movements. Wireless electromyography 

(EMG) electrodes and transduces were used to record the activity evoked in five muscles: 

gluteus medius, biceps femoris, vastus lateralis, tibialis anterior, and gastrocnemius. The 

hindlimb was suspended through pulleys and a counterweight mechanical system to allow for 

visualization and quantification of flexor and extensor movements evoked in the sagittal plane. 

The pulley system was attached to the hindlimb through a cord fitted around the limb proximally 

to the ankle joint. 
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Figure 3. 3. Location of microelectrode tips in the spinal cord. A total of 76 microelectrodes were used for intraspinal 

microstimulation (ISMS) across all animals. Magnetic resonance imaging (MRI) of the post-mortem excised cord was used to identify 

the location of the microelectrode tips in the ventral region of the lumbosacral enlargement. The majority of the microelectrode tips 

(57) were located in the gray matter and the remainder (19) were located in the white matter just outside the ventral horn. Different 

colors represent different animals. The MRI image shows a microelectrode implanted in the spinal cord of animal #1.  
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Figure 3. 4. Plasma concentration of propofol after cessation of infusion. Shown are ultra-

performance liquid chromatography (UPLC) measurements for concentration of propofol over 

60 minutes following the cessation of infusion. Lines represent fit curves based on a 2 

compartment model of pharmacokinetics. Different colors indicate the different animals in the 

study. 
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Figure 3. 5. Vital signs during electrophysiological and functional measurements. Stable vital 

signs were maintained throughout the experimental protocol across all animals. Different 

symbols represent different animals (n=7): Animal #1 (☆), animal #2 (♢), animal #3 (•), animal 

#4 (o), animal #5 (△), animal #6 (x), animal #7 (*). Time = 0 on the x-axis represents the time 

when the anesthesia was switched from isoflurane to propofol. HR: heart rate; MAP: mean 

arterial pressure; etCO2: end-tidal CO2; SPO2: blood oxygen saturation level as measured by 

pulse oximetry. 
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Figure 3. 6. Comparison of responses to intraspinal microstimulation (ISMS) under various 

anesthesia protocols. (a) Comparison of the stimulation thresholds at the beginning and end of 

each anesthetic protocol in all animals, with the stimulation thresholds at the end of each 

anesthetic protocol normalized to their value at the beginning of the protocol. Bars represents 

median and error bars represent third quartile (Q3) - median. Data acquired from experiments in 
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6 pigs. (b) ISMS thresholds for activating hindlimb muscles as determined by evoked EMG 

activity or observed movement. Boxes represent the interquartile range; horizontal line shows the 

median for each group; whiskers represent the minimum and maximum. Data obtained from 

experiments in 7 pigs. PB: pentobarbital, GM: electrode tips in the gray matter of the spinal cord, 

WM: electrode tips in the white matter of the spinal cord. n: number of implanted electrodes 

used for measurements in each group. *: p<0.05.  

 

 

 

 

 

 

 

 

 

 



 
 

116 

   

 

Figure 3. 7. Comparison of responses to intraspinal microstimulation (ISMS) under various 

anesthesia protocols. (a) Joint torques evoked by ISMS with stimulation intensity of 150 µA in 7 

pigs. (b) Range of motion (changes in joint angle) evoked by ISMS with stimulation intensity of 

150 µA in 3 pigs. Only microelectrodes with tips in the gray matter are represented in this figure. 

Boxes represent interquartile range; horizontal line shows the median; whiskers represent the 
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minimum and maximum. n: number of implanted microelectrodes used for measurements in 

each group. *: p<0.05.  
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Figure 3. 8. Comparison of EMG responses evoked by intraspinal microstimulation (ISMS) 

under various anesthesia protocols. (a) An example of EMG activity evoked in vastus lateralis by 
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a 0.5 s train of ISMS under the three anesthetic protocols. The location of the ISMS site in the 

gray matter is illustrated. Under isoflurane, EMG pulse amplitudes progressively reduced in size 

and plateaued on a lower amplitude than the first pulse. Under pentobarbital and propofol, the 

EMG pulses retained the same amplitude or progressively increased in amplitude relative to the 

first pulse. (b) Mean ± standard deviation of EMG amplitudes evoked in various hindlimb 

muscles under the different anesthetic protocols. Sample sizes are provided in parenthesis for 

each muscle. VL: vastus lateralis, GM: gluteus medias, BF: biceps femoris, Gast: gastrocnemius, 

TA: tibialis anterior. *: p<0.05. (c) EMG amplitude (mean ± standard deviation) for the vastus 

lateralis muscle. P1, P2, P3, P4 and P5 are the 1st, 2nd, 3rd, 4th and 5th pulses in the EMG response 

train. P6-24 represents the normalized mean amplitude of the EMG pulses from the 6th to the 24th 

pulse. All measurements were obtained with stimulation intensity of 150 µA in 7 pigs, and 

through microelectrodes with tips in the gray matter. *: p<0.05. 
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Figure 3. 9. Comparison of EMG responses evoked by intraspinal microstimulation (ISMS) 

under various anesthesia protocols. (a) EMG amplitude (mean ± standard deviation) for the 

gastrocnemius muscle. P1, P2, P3, P4 and P5 are the 1st, 2nd, 3rd, 4th and 5th pulses in the EMG 

response train. P6-24 represents the mean amplitude of the EMG pulses from the 6th to the 24th 

pulse. (b) EMG amplitude (mean ± standard deviation) for the gluteus medius muscle. (c) EMG 

amplitude (mean ± standard deviation) for the biceps femoris muscle. (d) EMG amplitude (mean 

± standard deviation) for the tibialis anterior muscle. All Measurements were obtained with 

stimulation intensity of 150 µA and through microelectrodes with tips in the gray matter. “n” is 

the number of electrodes used for measurements in each group. *: p<0.05.  
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Figure 3. 10. Comparison of motor evoked potentials (MEP) in the tibialis anterior muscle under various anesthesia protocols. MEP 

measurements were obtained in three animals. The MEPs were evoked through transcutaneous electrical stimulation (TES) of the 

motor cortex. The duration of anesthesia is indicated for each MEP trace and represents the total time spent under the specific 

anesthesia protocol at the time of MEP measurement. A: animal #7, B: animal #6, and C: animal #5.
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4.1 Introduction 

Recent advances in neuroprostheses have motivated a new wave of technologies aiming to 

augment the human body or restore its lost functions (Mushahwar et al. 2007; Stein and 

Mushahwar 2005; Tator, Minassian, and Mushahwar 2012).  Neural networks of the spinal cord 

are one of the targets of these neuroprostheses for applications such as reanimating paralyzed 

limbs (Holinski et al. 2016; Saigal, Renzi, and Mushahwar 2004; Mushahwar, Collins, and 

Prochazka 2000; Zimmermann, Seki, and Jackson 2011; Zimmermann and Jackson 2014; 

Sunshine et al. 2013),  reducing mobility deficits (Capogrosso et al. 2016), and promoting 

targeted plasticity and recovery (McPherson, Miller, and Perlmutter 2015) after neural injury and 

disease.  

An example of these neuroprostheses is the intraspinal microstimulation (ISMS) implant 

which is comprised of an array of ultra-fine electrodes that deliver electrical pulses to the ventral 

horns of the spinal cord (Bamford et al. 2016). ISMS can produce functional movements of the 

lower and upper limbs (lumbosacral and cervical implants) (Saigal, Renzi, and Mushahwar 2004; 

Sunshine et al. 2013), breathing (cervical implant)  (Mercier et al. 2017) or bladder function 

(sacral implant)  (Nashold et al. 1972) depending on the targeted region within the spinal cord. 

Stimulation through an individual intraspinal electrode can activate motor networks including 

motoneurons, afferent (Gaunt et al. 2006) and propriospinal (Jankowska et al. 1974) projections, 

and associated axons that span multiple spinal cord segments (Gaunt et al. 2006). A small 

number of implanted electrodes can evoke synergistic muscle contractions and produce 

coordinated movements involving a single or multiple joints that can perform functional tasks 

(Holinski et al. 2016; Jeremy A. Bamford and Mushahwar 2011; Lau, Guevremont, and 

Mushahwar 2007; Moritz et al. 2007).    
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ISMS in the lumbosacral spinal cord has been widely studied and has shown promising 

results in animals for the restoration of hindlimb movements after paralysis. Notably, hindlimb 

movements evoked by ISMS in cats were significantly more fatigue resistant compared to those 

obtained by intramuscular electrical stimulation (Lau, Guevremont, and Mushahwar 2007; 

Holinski et al. 2016). With ISMS implants, animals could stand for ~5x longer durations (Lau, 

Guevremont, and Mushahwar 2007) and walk over-ground for ~10x longer distances (Holinski 

et al. 2016) than animals with intramuscular implants.  

The cat has been the classical model for ISMS research in the lumbosacral spinal cord. 

Placement of ISMS electrode arrays in this species is guided by knowledge of the functional 

organization of the motor networks in the spinal cord (Mushahwar and Horch 2000b; Saigal, 

Renzi, and Mushahwar 2004; Mushahwar et al. 2002). This knowledge was derived from 

investigations of the movements evoked by ISMS in various parts of the ventral horn along the 

length of the lumbosacral enlargement, which led to the formation of a functional map 

(Mushahwar and Horch 2000b). Numerous studies of ISMS in cats have shown that the 

functional map is consistent between animals (Holinski et al. 2016; Saigal, Renzi, and 

Mushahwar 2004; Mushahwar, Collins, and Prochazka 2000; Lau, Guevremont, and Mushahwar 

2007; Mushahwar and Horch 2000b; Mushahwar et al. 2002; Mushahwar and Horch 1998; 

Mazurek et al. 2012).  

 One requirement for translating ISMS to clinical implementation is gaining knowledge 

about the functional organization of the motor networks to be targeted in the lumbar spinal cord 

of humans. Evidence exists about the anatomical organization of the motoneuronal cell bodies in 

the human lumbar spinal cord that innervate the leg muscles (Sharrard 1964; Sharrard 1955). 

However, unlike in cats, the functional organization and connectivity of various motoneuronal 
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pools, and the required stimulation amplitudes for their activation, are not known. In this study, 

we took a critical step towards answering these questions and investigated the functional map of 

the lumbar spinal cord in another primate, the macaque monkey. Based on the evidence from 

functional mapping experiments in various mammals (cats, rats (Bamford, Putman, and 

Mushahwar 2005; Bamford, Todd, and Mushahwar 2010; Borrell et al. 2017; Shen et al. 2016) 

and pigs (Hachmann et al. 2013)), we hypothesized that a similar functional organization of 

motor networks is preserved in non-human primates. This study allowed us to identify, for the 

first time, the functional connectivity of motor networks in the primate lumbosacral spinal cord.  

 

4.2 Methods 

All experiments were conducted in accordance to protocols approved by the Institutional Animal 

Care and Welfare Committee at the University of Alberta and the University of Washington. 

 

Surgery and the experimental setup. All surgical procedures and data collection were 

conducted under a continuous intravenous infusion of sodium pentobarbital anesthesia combined 

with fentanyl analgesia. The lumbar enlargement was exposed by laminectomy of the T12 to L2, 

L3, or L4 vertebrae in animals with 6, 7, or 8 lumbar vertebrae, respectively.  

Prior to electrode implantation, the dura mater and arachnoid were opened and retracted 

with sutures placed in the paraspinal muscles. Four pedicle screws (3.5 mm diameter x 25 mm 

length, Medtronic Inc., Dublin, Ireland) were placed bilaterally in L1 and L3 pedicles, over 

which a spine-mounted stereotactic setup (Toossi et al. 2017) was assembled. The setup 

consisted of 2 frames and a platform with a micromanipulator that was used to place the 

microelectrode into the spinal cord (Toossi et al. 2017). The frames, which were secured to the 
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pedicle screws, provided mechanical fixation over vertebral levels L1 to L3. The use of a spine-

mounted setup was intended to reduce the relative movements between the spinal cord and the 

implanted microelectrode caused by breathing and limb movements, which reduced the risk of 

damage to the cord. To stabilize the spinal column further while allowing free movements in the 

hindlimbs, the animals were positioned in a custom built suspension frame (figure 4.1). The 

pelvis was suspended with 2 pins at the iliac crest, while the spine was fixed with spinous 

process clamps at T12, L7 and S1.  

In order to visualize the movements evoked by ISMS, the ankle was fitted with a string 

that was run over two pulleys and attached to a counter weight that balanced the weight of the 

leg (figure 4.1). Reflective markers were placed on the hip, knee, ankle, and metatarsophalangeal 

(MTP) joints, and on the distal phalanx of the 5th digit. A video camera (120 fps, JVC, 

Yokohama, Japan) was used to capture movements of the leg in the sagittal plane. EMG activity 

was recorded using a Ripple Grapevine neural interface system (sampling frequency: 2000 Hz; 

Ripple, Salt Lake City, UT, USA) through bipolar intramuscular electrodes placed in 8 hindlimb 

muscles. Force measurements were obtained isometrically using a 150 lb-load cell (Interface 

Inc., Scottsdale, AZ, USA) at a sampling frequency of 1000 Hz. A custom-built adjustable stand 

was used to position the load cell perpendicularly to the axis of a given limb segment while 

blocking the movement.  

At the end of experiments, custom-made bipolar nerve cuffs were placed around the 

femoral nerve (in the femoral triangle) and the tibial nerve to measure isometric forces produced 

by supra-maximal nerve stimulation.  
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Microelectrode insertion in the spinal cord. Platinum/iridium (Pt/Ir 90%/10%) 

microelectrodes of 75 µm diameter (Microprobes, Gaithersburg, MD, USA), were used for 

ISMS. Care was taken to advance the microelectrode tip to the ventral horn of the spinal cord 

while inserting the shaft of the electrode parallel to the minor axis of the spinal cord and without 

dimpling (compressing) its dorsal surface. Alignment of the insertion trajectory of the 

microelectrode was performed using an end-to-end alignment approach at the beginning of each 

experiment. This approach involved the use of two 2D bubble levels (5 mm in diameter, Level 

Developments Ltd., Chicago, IL, USA) over the dorsal surface of the spinal cord and over an L-

shaped stylus held by the micromanipulator. The bubble levels were used to align the electrode 

holder perpendicularly to the surface of the spinal cord (figure 4.2).  

In order to puncture the pia matter and avoid dimpling of the dorsal surface of the spinal 

cord during microelectrode insertion, a custom-made needle guide was used. The needle guide 

consisted of a 30-gauge needle, which could be lowered independently of the stimulating 

microelectrode. The microelectrode was fed through the lumen of the needle, and advanced into 

the cord after the needle punctured the pia.  

 The mapping protocol involved the insertion of the microelectrode into the spinal cord in 

steps of 2 mm x 0.5 mm in the rostrocaudal and mediolateral directions, respectively. This pre-

planned mapping resolution was subject to change in cases where a dorsal vessel was in the way 

of the microelectrode. In each track, stimuli were delivered at sites 0.5 mm apart dorsoventrally. 

 

Electrical stimulation protocol. a) Spinal cord stimulation: The ISMS protocol consisted of 0.5 

s-train of biphasic, charge-balanced pulses, 200 µs-long and delivered at 50 Hz frequency. The 

stimulation amplitude ranged from 10 µA to a maximum of 300 µA. b) Femoral nerve 
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stimulation: 0.5 s-train of biphasic, charge-balanced pulses, 200 µs in width and 50 Hz 

frequency, with amplitudes ranging from 0.5 to 10 mA. 

 

Post-mortem spinal cord extraction. At the end of each experiment, animals were deeply 

anesthetized and perfused transcardially with 4% formaldehyde solution for tissue fixation. The 

spine was then carefully dissected and the vertebral levels were identified based on the 

articulation with the last rib and lumbosacral transition. The laminectomy was expanded to 

visualize all nerve roots from the last thoracic level to S2 or S3. The fixed lumbosacral spinal 

cord with identified roots was then extracted and preserved in the formaldehyde solution for 

further processing. To reconstruct the mapped region of the spinal cord, cord segments were 

identified based on the entry zones of the dorsal rootlets. The boundaries of segment levels were 

marked by inserting 5 mm long glass tubes (175 µm in diameter, Wale Apparatus, Hellertown, 

USA) into the cord for identification in MRI images and histological sections (figure 4.3).  

 

Magnetic resonance imaging. The spinal cord samples were inserted in glass tubes filled with 

Fluorinert fluid (FC-770, Milipore Sigma, Darmstadt, Germany). The cords were imaged using a 

3D gradient echo sequence with a resolution of 0.125 x 0.125 x 1 mm (figure 4.3). Imaging was 

performed on a 4.7 T Varian MR imaging system (Varian Inc., Palo Alto, CA, USA) using a 38 

mm diameter volume coil employing the Litz design (Doty Scientific, Columbia, SC, USA) 

(Doty, Entzminger, and Hauck 1999). 

 

Tissue histological processing. The extracted spinal cord samples were cut in 50 µm cross-

sections and stained using Mallory's trichrome and neutral red Nissl stains for gross 
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morphological analysis. Spinal cord sections were also analyzed to find electrode tracks from the 

mapping procedure (figure 4.3). 

 

Force, EMG and kinematic data analyses. EMG signals were filtered using a high-pass second 

order Butterworth filter with a corner frequency of 20 Hz to reduce motion artifacts. Kinematics, 

Force and EMG recordings were analyzed using custom written programs in Matlab (version 

2015a, MathWorks, Natick, MA, USA), including the cluster analysis of EMG activity patterns.  

 

Map creation. The functional map of the lumbosacral spinal cord was constructed primarily 

based on the movements that were evoked by ISMS. Three-dimensional coordinates of each of 

the mapped locations within the spinal cord were recorded using the coordinate system of the 

micromanipulator of the spinal stereotactic system. In order to link this external coordinate 

system with MR images and histological sections, a superficial suture was placed in the spinal 

cord at known rostrocaudal coordinates at the end of each experiment. For each of the animals, 

map creation involved the following steps: (i) The outlines of the gray and white matter were 

traced and digitized from MR images of the extracted spinal cords. (ii) Histological processing of 

the spinal cord tissue. Suture tracks were used to link the mapped coordinates in the external 

coordinate system (stereotactic setup) to true spinal cord geometries. Electrode insertion 

trajectories were initially assumed to be in parallel with the minor axis of the spinal cord after the 

trajectory alignment step (Fig. 4.14). These insertion trajectories were confirmed or corrected in 

the reconstructed map based on the electrode tracks found in histological sections. (iii) 

Illustration of the responses for various movements with their corrected coordinates were 

superimposed on the digitized traces of the spinal cord gray and white matter.  
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Spatial distribution of the functional and anatomical maps in cats. Functional (Mushahwar et 

al. 2002; Saigal, Renzi, and Mushahwar 2004; Mushahwar and Horch 2000b) and anatomical 

(Yakovenko et al. 2002; Vanderhorst and Holstege 1997) maps of the lumbosacral spinal cords 

of cats in the literature are presented only based on spinal cord segments and do not include a 

size estimate for each segment. In order to compare the spatial distribution of these maps, 

knowledge of the sizes of the segments in the cat spinal cord was necessary. As part of this 

study, 4 cat spinal cords (cord segments L1-S1) were extracted post-mortem after perfusion with 

4% paraformaldehyde solution. Spinal cord segments were identified and marked with glass 

tubes as described earlier in ‘Post-mortem spinal cord extraction.’ For all spinal cords, the sizes 

of the marked cord segments were then measured with a ruler and used to create the spatial 

distribution maps shown in figure 4.4.  

 

4.3 Results 

Functional map of the lumbosacral spinal cord. Experiments were conducted on 4 skeletally-

mature  rhesus macaque monkeys (three females and one male, 9.3 ± 1.8 kg) under pentobarbital 

anesthesia. The lumbosacral enlargement of the spinal cord was surgically exposed and a 

stereotactic setup with a micromanipulator was assembled onto the spine (Toossi et al. 2017). 

The micromanipulator was used to guide a microelectrode to various locations in the ventral horn 

of the gray matter. Each of the locations was stimulated with current amplitudes up to 120 µA. If 

no movement was evoked with currents up to this amplitude, the micromanipulator was 

advanced to a new location. For all locations where movements were produced, movement type 

and stimulation threshold were recorded. At select locations, kinematics, joint torque, and 

electromyographic (EMG) activity were also recorded. In order to visualize and quantify the 
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evoked movements, the hindlimb ipsilateral to the stimulated side of the spinal cord was 

suspended through a pulley system as shown in figure 4.1. 

The lumbosacral enlargement of the spinal cord spanned an approximately 4 cm-long 

region. Two animals (B and C in figure 4.5) had 7 lumbar vertebrae and spinal cord segments, 

one animal (A) had 6 lumbar vertebrae and spinal segments and one (D) had 8. The lumbosacral 

enlargement contained spinal segments L3-S1, L2-L6, and L3-L8 for animals with 7 (most 

common anatomy (Sherrington 1892)), 6 and 8 lumbar vertebrae, respectively. This region was 

located within vertebral levels L1-L2 for animals with 6 lumbar vertebrae, and L1-L3 for 

animals with 7 and 8 lumbar vertebrae. 

The functional maps constructed from all animals are shown in figure 4.5. Because of the 

differences in the number of lumbar vertebrae and lumbosacral spinal cord segments between 

animals, the cross-sections of the lumbosacral enlargement for the 4 animals (A-D) were aligned 

by matching the morphology of the ventral horns. Dots in the figure show sites where 

movements were evoked by ISMS. The color of each dot represents the joint or limb movement 

evoked by the microstimulation. The size of the dots reflects the estimated current spread based 

on the amplitude of the stimulation threshold at that location (Bagshaw and Evans 1976). 

Therefore, smaller dots represent locations that required smaller stimulation amplitude to 

produce a movement. Spinal cord sections that do not show any colored dots were not mapped. 

In all animals, stimulation in segments rostral to the lumbosacral enlargement evoked paraspinal 

muscle contractions while stimulation in segments caudal to the enlargement evoked tail 

movements. 

In total, 697 locations were stimulated in the spinal cords of all animals, of which 56% 

(390) evoked a movement. All mapped locations, including those that did not produce 
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movements with current amplitudes up to 120 µA, are shown in figure 4.6. Stimulation in the 

most rostral quarter of the enlargement (~1 cm long) predominantly evoked hip flexion. Caudal 

to this region, a region ~1.6 cm-long, produced knee extension, hip adduction and ankle flexion 

(dorsiflexion). Locations evoking ankle flexion were found laterally to locations that evoked 

knee extension. The remaining caudal third of the enlargement (~1.4 cm long) evoked more 

diversified movements including single joint movements such as: ankle extension (plantar 

flexion), knee flexion, toe flexion and extension, and multi-joint synergistic movements such as 

extensor and backward synergies.  

Distribution of the main evoked movements is shown in figure 4.7a. Knee extension was 

the most common movement (99/390), followed by hip flexion (62/390). Almost a quarter of the 

evoked movements (89/390) involved more than one joint (figure 4.7b). Most of these 

movements were evoked by ISMS in the caudal third of the enlargement. Multi-joint movements 

were more commonly combinations of joint extension than flexion movements (figure 4.7c). The 

most common multi-joint movement was hip and ankle extension (15/390), followed by knee 

and ankle extension (12/390). 

 

Stimulation thresholds. Stimulation threshold was defined as the lowest ISMS amplitude 

required to evoke a visible twitch or movement in the targeted muscles. The stimulator used for 

this study provided stimulation amplitudes as low as 10 µA, but not lower. The largest 

proportion of the stimulation thresholds were ≤10 µA (figure 4.8). This was the case for 

locations stimulated in both the gray matter (45.7%) and white matter (40%) of the spinal cord.  
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Kinematics. Hindlimb movements were recorded in the sagittal plane with a single camera. The 

pelvis was fixed in a frame at the iliac crests. Free movement of hip, knee and ankle joints was 

achieved by suspending the leg with a counter weight attached through a pulley system to a strap 

fitted above the ankle joint (figure 4.1). In total, 40% of all evoked movements were recorded. 

The distribution of changes in the hip, knee and ankle joint angles in response to ISMS in various 

locations of the gray and white matter is shown in figure 4.9. Movements of the knee and ankle 

joints were larger than movements of the hip. Changes in the hip joint angle from neutral in all 

recorded hip extension and 95% of hip flexion movements were ≤ 20º. Most of the knee 

extension movements (57%) had changes in joint angle ≥ 40º, and 75% of the knee flexion 

movements had joint angle changes between 20º and 60º. In 79% of the ankle flexion 

movements, changes in the joint angle were between 10º and 30º, and in 67% of the ankle 

extension movements, joint angle changes were ≥ 20º. The largest total range of motion (ROM) 

evoked by ISMS for the hip, knee and ankle joints was 52º, 107º and 65º, respectively (figure 

4.10).  

 The ROMs of the hip, knee and ankle joints during movements evoked by ISMS were 

compared to those produced during quadrupedal locomotion on a treadmill (Courtine et al. 

2005). Figure 4.10 shows the measured ROMs while stepping on a treadmill belt moving at a 

speed of 1.79 m/s and the ROMs evoked by ISMS in this study. The hip ROM induced by ISMS 

was 22% smaller (in extension) than the ROM during treadmill locomotion, while the ISMS 

induced ROMs were larger at the knee (by 35%) and ankle (by 30%) joints. 

 

Torque. Isometric forces were measured while isolating the evoked movement to a single joint. 

For these measurements, the spinal cord was stimulated at a current amplitude beyond which the 
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joint ROM did not increase (maximal limit of 300 µA). In total, forces were recorded for 31/390 

locations in the spinal cord that evoked a movement, 27 of which were in the gray matter and 4 

in the white matter. The forces were converted to joint torques based on the moment arm.  

Knee extension torques measured for 17 select locations (figure 4.11) ranged from 0.25 

to 6.95 Nm with a moment arm of 15.9 ± 1.1 cm. For comparison, in one experiment (animal A), 

a nerve cuff was placed around the femoral nerve and stimulated supra-maximally. The recorded 

torque under this condition was 7.6 Nm. Therefore, ISMS through a single electrode produced up 

to 91% of the maximal possible torque. 

Ankle extension torques measured in 3 select locations ranged from 0.23 to 2.02 Nm 

(moment arm: 7.6 ± 1.2 cm). Ankle extension torques resulting from supra-maximal stimulation 

of the tibial nerve were also recorded (n=3, animals A, B, and D) and ranged from 5.9 to 8.5 Nm. 

ISMS through a single electrode therefore produced 23.8 to 34.5% of the maximal possible 

torque. 

Measured hip flexion torques (n=3) ranged from 0.26 to 1.21 Nm (moment arm: 15.3 ± 

1.1 cm). Isometric forces were also measured for ISMS-evoked extensor synergies (n=3). These 

measurements were obtained by placing the force transducer at the midpoint of the foot plantar 

surface, and ranged from 0.7 to 4.7 kg-force. 

 

Muscle activity. EMG activity resulting from microstimulation in the spinal cord was recorded 

through pairs of intramuscular wire electrodes placed in 8 muscles: vastus lateralis, vastus 

medialis, tibialis anterior, medial gastrocnemius, lateral gastrocnemius, sartorius, 

semimembranosus anterior, and biceps femoris posterior (example shown in figure 4.12). EMG 
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recordings were used in conjunction with kinematic recordings to identify the types of evoked 

movement and distinguish passive (driven by gravity) and active movements.  

A cluster analysis was performed on the EMG recordings to assess their possible 

synergistic activation during ISMS (Moritz et al. 2007; Poliakov and Schieber 1999). In this 

analysis, a binary activity matrix (7 by 60) was defined with columns representing different 

muscles (the medial gastrocnemius muscle was not used because it was not recorded in all 

animals) and rows representing the different locations of stimulation within the gray matter of 

the spinal cord. Included in the analysis were all recorded trials across animals A, C and D where 

ISMS was delivered in the gray matter and evoked a movement with a stimulation amplitude of 

100 µA. A value of 0 or 1 was assigned to matrix elements where EMG activity was absent or 

present in response to ISMS, respectively. Figure 4.13a shows the clustergram for this matrix. 

The Euclidian distances between the EMG channels were then calculated in the 7-dimensional 

space defined by the activity matrix. Distribution of the Euclidian distances between each pair of 

muscles is shown in figure 4.13b. Pairs with smaller Euclidian distances had a more similar 

activation pattern. Groups of lateral gastrocnemius-biceps femoris-tibialis anterior, and sartorius-

vastus lateralis had the smallest distances suggesting similar activation patterns. The calculated 

distances were also used to plot a hierarchical cluster tree using the unweighted pair group 

method with the arithmetic mean algorithm (figure 4.13c). 

 

4.4 Discussion 

Functional map of the lumbar enlargement of the spinal cord.  Functional studies of ISMS 

for restoring standing and walking have been mainly conducted in medium to small animal 

models (cats (Holinski et al. 2016; Saigal, Renzi, and Mushahwar 2004; Mushahwar, Collins, 
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and Prochazka 2000; Lau, Guevremont, and Mushahwar 2007; Mushahwar and Horch 2000b; 

Mushahwar et al. 2002) and rats (Bamford, Putman, and Mushahwar 2005; Bamford, Todd, and 

Mushahwar 2010)). Although anecdotal testing has been conducted in large animal models (pigs 

(Hachmann et al. 2013)), cross species comparisons of the functional networks targeted by ISMS 

has not been performed. The maps obtained in this study are the first functional maps of the 

lumbosacral spinal cord in primates. These maps demonstrate that an organized, compact motor 

network exists in the lumbosacral spinal cord of rhesus monkeys which may be targeted to 

restore lower limb mobility. The functional maps also show that the relative organization of the 

motor networks for various movements in the lumbosacral enlargement are consistent from one 

animal to another. In all animals, hip flexors were activated in more rostral regions of the lumbar 

enlargement than knee extensors, followed by ankle flexors, hip extensors, toe flexors, ankle 

extensors, extensor synergy, knee flexors, and backward synergy. A consistent organization is 

also observed in the mediolateral and dorsoventral dimension where for instance ankle flexors 

are evoked at more lateral and more dorsal locations in the gray matter than knee extensors. Hip 

extensors are also evoked at more dorsal locations than the knee extensors. 

 To investigate possible trends in the functional organization of the mammalian 

lumbosacral spinal cord across species and extrapolate to the human spinal cord, comparisons 

were made between the functional maps obtained in monkeys and existing maps in cats (Saigal, 

Renzi, and Mushahwar 2004; Mushahwar et al. 2002; Mushahwar and Horch 2000b). As shown 

in figure 4.14, the rostrocaudal organizations in cats and monkeys are similar. A similar relative 

organization is also seen for ankle flexors and knee extensors in the mediolateral and 

dorsoventral dimensions (Mushahwar and Horch 2000b). The spatial distribution of the 

functional elements of the maps in cats and monkeys is shown in figure 4.4. Despite the similar 
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organization of the functional maps, knee extension is evoked in a larger portion of the 

enlargement in monkeys (39%) compared to cats (22%). Knee flexion however, is evoked in a 

smaller portion of the enlargement in monkeys (10%) compared to cats (24%).  

In addition to the functional organization of the lumbosacral motoneuronal pools, the 

anatomical location of the motoneuronal cell bodies innervating leg muscles (i.e., the anatomical 

organization of the motoneuronal pools) are also known in cats  (Vanderhorst and Holstege 1997; 

Yakovenko et al. 2002) (figure 4.14). A comparison between the anatomical and functional maps 

in cats reveals a similar relative rostrocaudal organization in both maps. 

While the functional organization of the lumbosacral motoneuronal pools is not known in 

humans, the anatomical organization of the motoneuronal pools in this region is available from 

Sharrard’s studies in polio patients (Sharrard 1964; Sharrard 1955). As shown in figure 4.14, the 

anatomical organization of the motoneuronal pools in the human spinal cord is also similar to the 

functional and anatomical maps in monkeys and cats.  

Given the similarity of the relative organization of the motoneuronal networks across 

species, and the similarity of the organization of the anatomical and functional maps in cats, we 

hypothesize that the human functional map will also have the same organization.  

 

Stimulation thresholds: Figure 4.15 shows the distribution of the stimulation thresholds in cats 

compared with the thresholds measured in monkeys in this study. In both species, the largest 

proportion of the stimulation amplitudes were ≤10 µA. This similarity in the distributions of the 

stimulation thresholds between cats and monkeys is critical because it indicates that not only are 

the motor networks across species equally excitable, but also that functional movements can be 

evoked in non-human primates with current amplitudes that have been proven to be safe for 
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ISMS (Bamford, Todd, and Mushahwar 2010; Mushahwar, Collins, and Prochazka 2000). The 

similarity in the distribution of the stimulation thresholds in cats and monkeys suggests a similar 

distribution may exist in humans as well. This knowledge is also important for the technological 

design of clinical ISMS implants, which includes the design of the microelectrodes and 

stimulators that can safely accommodate large enough current amplitudes for producing 

functional movements.  

 

Kinematics and kinetics of the evoked movements. Movements produced by ISMS through 

single electrodes in this study were functionally highly relevant. Movement kinematics produced 

by ISMS were similar to hindlimb kinematics during quadrupedal stepping on a treadmill, 

suggesting that by capitalizing on the functional connectivity within the lumbosacral cord, ISMS 

can produce movements with the ROMs needed for locomotion in rhesus monkeys.  

ISMS was also able to evoke functional levels of torque, with knee extension torques 

reaching up to 91% of the levels evoked by supra-maximal nerve stimulation. This suggests that 

nearly all the motoneurons innervating the knee extensor muscles were recruited by ISMS 

through one stimulation site. Because the ISMS current does not directly spread throughout the 

~16 mm extent of the quadriceps motoneuronal pools, activation of the motoneurons therein was 

likely accomplished trans-synaptically through the activation of axons in passage around the 

electrode tip. In addition to amplifying force production, trans-synaptic activation of 

motoneurons results in the recruitment of motor units in a near normal physiological order 

(Bamford, Putman, and Mushahwar 2005), produces graded increases in force  (Mushahwar and 

Horch 2000a; Snow, Horch, and Mushahwar 2006) and reduces the rate of muscle fatigue (Lau, 

Guevremont, and Mushahwar 2007).  
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In addition to the relatively large torques around a single joint, ISMS at some sites 

evoked extensor synergies in one leg that produced isometric forces up to 40% of the animal’s 

body weight. The strength of these synergistic movements further indicates the activation of 

functional networks that not only connect the motoneurons within a pool but also across pools 

innervating different muscles. Furthermore, the ability of ISMS to generate functional 

movements and torques in non-human primates suggests that this may also be the case in 

humans. 

 

Cluster analysis of muscle activity. Cluster analyses of the EMG patterns evoked by ISMS 

suggest that the lateral gastrocnemius and biceps femoris posterior muscles are most commonly 

activated together by ISMS (figure 4.13c). This is consistent with the evidence of strong 

heteronymous Ia afferent excitation (Meunier, Pierrot-Deseilligny, and Simonetta 1993) and 

heteronymous recurrent inhibition (Meunier, Pierrot-Deseilligny, and Simonetta-Moreau 1994) 

between these muscles in humans.  Similarly, coactivation of these muscles is also reported for 

cats during unrestrained walking and trotting (Rasmussen, Chan, and Goslow 1978). At a higher 

Euclidian distance, responses in gastrocnemius-biceps femoris pair and tibialis anterior were 

coupled. This suggests antagonistic coactivation of tibialis anterior and gastrocnemius muscles, 

which serves to increase the stiffness of the ankle joint. Coactivation of antagonistic muscles 

may also be the result of current spread since the EMG responses used in this analysis were 

recorded during moderate to strong contractions (Baratta et al. 1988) (ISMS intensity of 100 µA).  

Vastus lateralis and sartorius also had a similar activation pattern. At a greater Euclidean 

distance, a similar activation pattern was found between the sartorius-vastus lateralis pair and the 

vastus medialis muscle. Synergistic activation of the vastus lateralis, vastus medialis and the 
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anterior part of the sartorius muscle (knee extensor and hip flexor (Hoffer et al. 1987)) has also 

been reported during trotting in cats (Pratt and Loeb 1991; Loeb, Hoffer, and Pratt 1985).  

These results suggest that similar to cats (Mushahwar and Horch 2000b; Saigal, Renzi, 

and Mushahwar 2004; Holinski et al. 2016), ISMS in a given motoneuronal site in monkeys not 

only activates the targeted motoneuronal pool, but also activates the functional networks, and 

ultimately the synergistic muscles, connecting a motoneuronal pool to other pools (Bizzi and 

Cheung 2013).  

 

4.5 Conclusions 

Knowledge of the functional organization of the motoneuronal networks in the lumbosacral 

spinal cord of humans is essential for the clinical translation of ISMS implants. This includes 

knowledge about where in the spinal cord to place the implant for successful targeting of the leg 

movements required for functional standing and walking, and how to design the implant. 

Technical design considerations are: (i) the layout of the clinical implant (i.e., number of 

microelectrodes in the array, spacing between the microelectrodes, and targeting depth and 

length of the microelectrodes), and (ii) the specifications of the clinical microelectrode and 

stimulator that would safely deliver the current intensities required for producing functional 

movements. 

 Since functional mapping of the lumbosacral enlargement of the human spinal cord with 

a high spatial resolution, as in the present study, is not clinically feasible, and mapping with a 

low spatial resolution would require a large sample size to yield a complete functional map, we 

chose to study a non-human primate as the first step. The rhesus macaque monkey was chosen 

for this study as the closest available neurophysiological animal model to humans. The 
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functional maps obtained for the monkey spinal cord along with the trends in the functional and 

anatomical organization of the motoneuronal pools in the discussed mammalian spinal cords can 

help predict the functional maps in humans.  

Importantly, the similarity between the relative organization of the functional maps of the 

lumbar enlargement of the cat and monkey spinal cords suggests a similar relative organization 

for the functional map of the human lumbosacral spinal cord. However, differences exist 

between the spinal cord spatial and segmental distributions of the various movements in the 

functional maps of cats and monkeys. Assuming monkeys to be a closer animal model to humans 

(vs. cats), we hypothesize that the spatial and segmental distributions of various movements in 

the lumbar enlargement of the human spinal cord would be more similar to that of the monkeys.  

In the path for clinical translation of ISMS, our team is planning to test this hypothesis in the 

upcoming intraoperative testing experiments in humans involving a relatively coarse (low spatial 

resolution) electrophysiological mapping of the lumbar enlargement.  
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4.6 Figures 

 

 
Figure 4. 1.  Experimental setup for functional mapping of the lumbosacral spinal cord in non-

human primates. 
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Figure 4. 2. Microelectrode alignment using bubble levels. 
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Figure 4. 3. MR imaging and histological analyses results. (a) An example of an MR image of 

the spinal cord (animal B) in the transverse plane. The marked black line is the imaging artifact 

from a glass tube marker inserted into the spinal cord at the boundary of L4-L5 spinal cord 

segments. (b) Microscopic image of a 50 µm thick cross-section of the spinal cord (animal C – 

spinal cord level L3) showing two electrode tracks. Tissue was stained with the Mallory’s 

trichrome stain. 
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Figure 4. 4. Spatial distribution (in the rostrocaudal direction) of the maps of the lumbar 

enlargement in cats and rhesus monkeys. The total length of the lumbar enlargement in the spinal 

cords of monkeys, cats and humans are approximately 40 mm, 30 mm (Mushahwar, Collins, and 

Prochazka 2000; Mushahwar and Horch 2000b; Krieg and Groat 1944) and 50 mm (Lozano, 

Gildenberg, and Tasker 2009), respectively. Functional map data for cats were obtained from 

Mushahwar & Horch (Mushahwar and Horch 2000b), Saigal et al (Saigal, Renzi, and 

Mushahwar 2004), and Mushahwar et al (Mushahwar et al. 2002). Anatomical map data were 

obtained from Vanderhorst & Holstege (Vanderhorst and Holstege 1997). Functional maps only 

include responses from ISMS in the gray matter of the spinal cords. The sizes of the spinal cord 

segments in cats used to convert the maps into spatial distribution were derived from 

measurements obtained from 4 cat spinal cords. HF: Hip Flexion, HE: Hip Extension, KF: Knee 

Flexion, KE: Knee Extension, AF: Ankle Flexion, AE: Ankle Extension.  
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Figure 4. 5. Functional map of the lumbosacral enlargement of the spinal cord of 4 rhesus monkeys (A-D). ISMS in the 

locations shown on the maps resulted in a movement with thresholds <120 µA. 9 locations with higher stimulation thresholds 

(up to 220 µA) are also included in the map where the density of the mapped locations was low (in L3 and L7 segments in 

animal B, L6 segments in animal C and L5 segment in animal D). Each dot represents a mapped location in the spinal cord that 

produced a movement. Different colors represent different movements. Sizes of the dots are determined based on the 

stimulation threshold required for producing a movement according to the spread of electrical current as described by Bagshaw 
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& Evans (Bagshaw and Evans 1976). Larger dots correspond to larger stimulation thresholds. Spinal cord cross-sections shown 

in each row are 2 mm apart from their neighboring cross-section irrespective of their spacing on the figure. Total length of the 

spinal cord covered by the cross sections shown is ~40 mm, ~40 mm, ~46 mm and ~40 mm for animals A, B, C and D, 

respectively. When multiple movements were evoked as a result of stimulation in one location, different symbols (dot (O), 

square (�) and triangle (∆)) were used for each, to set them apart on the map. HF: Hip Flexion, HE: Hip Extension, KF: Knee 

Flexion, KE: Knee Extension, AF: Ankle Flexion, AE: Ankle Extension, TF: Toe Flexion, TE: Toe Extension. Note that spinal 

cord segments L4 and L5 were not mapped in monkey C.  
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Figure 4. 6. All stimulated locations within the spinal cord across all animals. The cross-sections are sequential, separated by 

2 mm. 
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Figure 4. 7. Characterization of the movements evoked by ISMS. (a) Overall distribution of the 

main leg movements resulting from microstimulation in the gray matter (GM) and white matter 

(WM) of the lumbosacral spinal cord in all animals (n=4). (b) Number of joints (of hip, knee, 

ankle and, metatarsophalangeal (MTP)) involved in all evoked leg movements. (c) Distribution 

and frequency of the multi-joint movements evoked by microstimulation only in the GM in all 
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animals. HF: Hip Flexion, HE: Hip Extension, KF: Knee Flexion, KE: Knee Extension, AF: 

Ankle Flexion, AE: Ankle Extension, TF: Toe Flexion, TE: Toe Extension. 
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Figure 4. 8. Distribution of the stimulation thresholds for producing leg movements in the gray 

(GM) and white (WM) matters (nGM=221 and nWM=100) of the spinal cord (n=4 animals).  
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Figure 4. 9. Distribution of changes in joint angle (i.e., range of motion) for the movements 

evoked by microstimulation at sites in the gray and white matter (GM and WM) in all animals. 

Overall, kinematics were recorded for 40% of all evoked movements. (a) Hip Extension (initial 

hip angle: 114.6° ± 3.2° [mean ± standard error]). (b) Hip Flexion (initial hip angle: 112.6° ± 
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3.3° [mean ± standard error]). (c) Knee Extension (initial knee angle: 84.8° ± 3.86° [mean ± 

standard error]). (d) Knee Flexion (initial knee angle: 102.9° ± 7.9° [mean ± standard error]). (e) 

Ankle Extension (initial ankle angle: 116.1° ± 3.9° [mean ± standard error]). (f) Ankle Flexion 

(initial ankle angle: 114.5° ± 5.4° [mean ± standard error]).  

 

 

 
Figure 4. 10. Joint range of motion (ROM) of hip, knee and ankle produced by ISMS in the gray 

matter of the spinal cord (in Red). ROM of hip, knee and ankle joints of rhesus monkeys during 

quadrupedal locomotion on a treadmill at a speed of 1.79 m/s (in Blue). Treadmill locomotion 

data were obtained from Courtine et al (Courtine et al. 2005). 
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Figure 4. 11. Isometric torque measurements for knee extension movements evoked at 17 select 

locations across 4 animals. Each bar represents a torque measurement. Moment arm was 15.9 ± 

1.1 cm (average ± standard deviation). Knee extension torques produced with ISMS in the gray 

(n=15 recordings) and white (n=2 recordings) matter of the spinal cord and with femoral nerve 

stimulation (n=1 recording) are shown in blue, red and yellow bars, respectively.  
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Figure 4. 12. Example of evoked electromyographic (EMG) activity during a knee extension 

movement produced by ISMS in the lumbar enlargement. Red vertical line represents stimulation 

onset. 
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Figure 4. 13. Cluster analysis of the EMG responses evoked by stimulation in the gray matter of 

the spinal cord. (a) Clustergram of the EMG responses collected from 60 locations in the spinal 
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cord in 3 animals (A, C and, D). Stimulation amplitude was at 100 µA for all recordings. (b) 

Similarity matrix demonstrating the Euclidian distance between each pair of muscles. (c) 

Dendrogram of the EMG responses. SMA: Semimembranous anterior, Sart: Sartorius, VL: 

Vastus Lateralis, VM: Vastus Medialis, TA: Tibialis Anterior, BF: Biceps Femoris, LG: Lateral 

Gastrocnemius
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Figure 4. 14. Rostrocaudal organization of the lumbar enlargement of the spinal cords of rhesus monkeys, cats and humans. In all 

species, hip flexors were activated in more rostral regions of the lumbar enlargement than knee extensors, followed by ankle flexors, 
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hip extensors, ankle extensors and knee flexors. Data for the human anatomical map were obtained from Sharrard (Sharrard 1964; 

Sharrard 1955). The resolution of the human spinal cord anatomical map is limited to full spinal cord segments. Data for the cat 

functional map were obtained from Mushahwar et al (Mushahwar et al. 2002; Saigal, Renzi, and Mushahwar 2004; V.K. Mushahwar 

and Horch 2000b). Data for the cat anatomical map were obtained from Vanderhorst & Holstege (Vanderhorst and Holstege 1997), 

and Yakovenko et al (Yakovenko et al. 2002) . The total length of the lumbar enlargement in monkeys, cats and humans are 

approximately 40 mm, 30 mm (Mushahwar, Collins, and Prochazka 2000; Mushahwar and Horch 2000b; Krieg and Groat 1944) and 

50 mm (Lozano, Gildenberg, and Tasker 2009), respectively. Extensor synergy is defined as a combination of HE, KE, and AE and 

backward synergy is defined as HE, KF, and AE. HF: Hip Flexion, HE: Hip Extension, KF: Knee Flexion, KE: Knee Extension, AF: 

Ankle Flexion, AE: Ankle Extension, TF: Toe Flexion, TE: Toe Extension. Anatomical map of the cat lumbosacral spinal cord was 

adapted based on the following motoneuronal pools: HF – Psoas, Sartorius, Iliacus, Rectus Femoris, Gracilis; HE – 

Semimembranosus, Semitendinosus, Biceps Femoris, Gluteus maximus; Hip Adduction – Pectineus, Adductor Femoris Magnus, 

Gracilis, Adductor brevis, Adductor longus; Lateral Hip Rotation – Gluteus maximus, Internal obturator; KE – Rectus Femoris, 

Vastus Medialis, Vastus Lateralis, Vastus Intermedius; , KF – Biceps Femoris, Semitendinosus, Semimembranosus; AF – Extensor 

digitorum longus, Tibialis anterior; AE – Flexor halluces longus, Tibialis posterior, Plantaris, Soleus, Lateral and Medial 

Gastrocnemius; TE – Extensor digitorum longus muscle; TF – Intrinsic foot, Flexor hallucis longus, Flexor digitorum longus. Muscles 

that were used for generating the anatomical map for humans were: Psoas, Hip adductors, Quadriceps, Sartorius, Tibialis anterior, 
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Extensor digitorum longus, Tibialis posterior, Knee flexors, Gastrocnemius, Soleus, Peroneus, Intrinsic foot, Flexor digitorum longus, 

Gluteus maximus, and Lateral hip rotators.
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Figure 4. 15. The distribution of stimulation thresholds in cats and monkeys. The stimulation 

thresholds in rhesus monkeys were defined as the minimal amplitude required for producing a 

visible leg movement or twitch. The stimulation thresholds in cats were based on the minimal 

stimulation amplitude (up to 40 µA) needed to produce a detectable isometric force or EMG 

signal in targeted muscles. Stimulation thresholds in cats represent measurements for the 

quadriceps, triceps surae and tibialis anterior muscles (n=6 animals /muscle)  (Mushahwar and 

Horch 2000b) and stimulation thresholds in monkeys represent measurements from all of the 

evoked movements by ISMS in the gray matter of the lumbar enlargement (n=4 animals, total of 

221 locations). Data from cats were adapted from (Mushahwar and Horch 2000b).   
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5.1 Introduction 

Spinal cord injury (SCI) affects 250,000-500,000 people around the world each year (“WHO | 

Spinal Cord Injury” 2013). Depending on the type and level of injury, SCI can result in loss of 

control over various parts of the body such as the limbs and bladder (“WHO | Spinal Cord 

Injury” 2013). One of the successful approaches for restoring lost functions after SCI is 

functional electrical stimulation (FES) (Peckham and Knutson 2005). Intraspinal 

microstimulation (ISMS) is an FES technique that delivers electrical pulses directly to the ventral 

horn of the spinal cord. It has the potential to restore standing and walking after SCI by targeting 

the lumbar enlargement of the spinal cord, which contains neural networks responsible for 

controlling the movements of the legs.  

Movements elicited by ISMS implants in the lumbar enlargement have been extensively 

studied in animal models (e.g., cats (Lau, Guevremont, and Mushahwar 2007; Mushahwar, 

Collins, and Prochazka 2000; Mushahwar and Horch 2000; Saigal, Renzi, and Mushahwar 2004) 

and rats ( Bamford, Todd, and Mushahwar 2010; Bamford, Putman, and Mushahwar 2005)) and 

show positive outcomes such as the production of functional weight-bearing fatigue-resistant 

movements in the legs after complete SCI (Saigal, Renzi, and Mushahwar 2004), and production 

of long durations of standing (Lau, Guevremont, and Mushahwar 2007) and long distances of 

propulsive over-ground walking in anesthetized animals (Holinski 2013). These results suggest 

that ISMS is a promising approach for restoring functional leg movements after SCI in humans. 

Implants for ISMS in the lumbar cord comprise an array of penetrating electrodes with tips 

reaching the ventral horn, an electrical stimulator that generates the electrical pulses, and lead 

wires that connect the electrodes to the stimulator (figure 5.1). The mechanical stability of the 

implant in chronic studies conducted in cats (Mushahwar, Collins, and Prochazka 2000) and rats 
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(Bamford, Todd, and Mushahwar 2010) has been a critical factor in the long-term functional 

success of this approach (Bamford et al. 2016). In those studies, small amounts of slack in the lead 

wires accommodated for the small movements of the implant region of the spinal cord relative to 

the spine. Mushahwar et al (Mushahwar, Collins, and Prochazka 2000) demonstrated that at least 

two thirds of chronically implanted ISMS electrodes remain functional in intact, awake cats for 

periods up to 6 months (longest tested). Similarly, Bamford et al (Bamford, Todd, and Mushahwar 

2010) demonstrated that more than 90% of chronically implanted ISMS electrodes stay functional 

up to 30 days in rats (longest tested).  

Sacral ISMS implants have been implemented in humans after SCI. In 1972, Nashold et al 

(Nashold et al. 1972, 1977) reported the first clinical implementation of an ISMS implant in 11 

patients for restoring bladder function. Two electrodes were implanted subdurally, one in each 

side of the spinal cord. The electrodes were embedded in a silastic base, and connected to 

flexible multi-strand stainless steel lead-wires. The lead wires laid on the dorsal surface of the 

cord and in turn connected to an implanted stimulator. To stabilize the electrodes, a silastic-

coated strap fixed to the electrode base was wrapped around the spinal cord. In the five-year 

follow up (Nashold et al. 1977), implants in 10 patients had remained functional without 

displacement or dislodgment from their initial position. In one patient, the connection between 

the implanted electrodes and the stimulator had broken, and one of the electrodes had dislodged 

from the spinal cord.  

Translating ISMS to a lumbar implant for restoring standing and walking is more 

challenging. This is partly due to the number of electrodes in a lumbar ISMS implant (16-24 vs. 

only 2) and the size of the implant region (5 cm for lumbar vs. ~1 cm for sacral). To ensure that 

the implanted electrodes remain stable in the spinal cord, an appropriately designed strain relief 
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mechanism in the lead wires connecting the electrodes to the stimulator is necessary to prevent 

the transmission of forces to the electrodes during natural movements of the spine.   

In addition to maintaining electrode stability, the strain relief mechanism should 

mechanically disengage the electrodes that are floating within the soft tissue of the spinal cord 

from the surrounding hard bones. The mechanical interaction of electrodes with surrounding 

tissue is an important consideration in neural implants (Bamford et al. 2016). Biran et al (Biran, 

Martin, and Tresco 2007) demonstrated that microelectrodes implanted in the brain and tethered 

to the skull result in significantly larger reactivity in the nervous tissue than untethered 

microelectrodes. This increased reactivity may be due to the relative motion of the tethered 

electrode with respect to its surrounding tissue, and could be the cause of local 

neurodegeneration (McConnell et al. 2009; Biran, Martin, and Tresco 2007). Motion of the 

implanted electrodes relative to surrounding tissue may be caused by rhythmic physiological 

movements of the tissue such as breathing and blood flow pulsations, or from movements of 

body parts activated by the implant itself. Lead-wire designs that resemble untethered conditions 

as closely as possible are needed to minimize these deleterious relative motions.  

This study focused on the design of lead wires for ISMS implants with a coil for strain 

relief that not only guarantees stability of the implants, but also in effect mechanically 

dissociates the floating implanted electrodes from the fixed implanted stimulator (figure 5.1). 

The coil required a high degree of flexibility and extensibility to minimize the relative motion 

between the electrode and surrounding tissue, and maintain the electrode stably in place. The 

design constraints were systematically identified in an animal model with spine mechanics that 

closely resembled those of humans. These constraints were: 1) the elongation and displacement 

of the spinal cord relative to the surrounding spinal vertebrae during physiological motions in 
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order to determine the required range of coil movement; and 2) the forces that lead to electrode 

dislodgement which should not be reached within the range of coil movement. Domestic pigs, 

commonly used in spine research (Busscher et al. 2010; Smit 2002), were chosen as the animal 

model because of the similarity of their spinal column anatomy (Busscher et al. 2010; Sheng et 

al. 2010) and range of motion (Wilke, Geppert, and Kienle 2011) to that of humans. To the best 

of our knowledge, this study not only provides the first design specifications for a strain relief 

mechanism for a neural implant in the spinal cord, but also provides detailed analysis of the 

biomechanics of the spine and spinal column of pigs during physiological movements. 

 

5.2 Methods  

Studies were conducted in a total of six fresh domestic pig cadavers (48-54 kg). Three cadavers 

were used to establish the techniques and collect pilot data for the design of different coil types. 

After finalizing the methods, the remaining three pig cadavers were used to collect the results 

presented in this manuscript. In all of these experiments, the in-situ dislodgment trials (section 

5.2) were conducted first, followed by trials for the assessing the biomechanics (Section 5.1). 

Cadavers were kept at room temperature for the duration of each experiment. The biomechanical 

assessment trials started approximately 15 hours post-mortem, the time at which the intensity of 

rigor mortis was expected to be minimized (Krompecher 1981). The electrode dislodgment trials 

did not require the full range of motion and therefore were not sensitive to rigor mortis. 

 

5.2.1. Biomechanics of the Implant Region 

During movements within the physiological range of motion, the spine and spinal cord move 
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relative to each other (Harrison et al. 1999). The spinal cord also experiences length changes 

(elongation or compression) depending on the type of movement. These details are important for 

the design of a successful strain relief mechanism.  

The lumbar enlargement in pigs, the region of interest for the ISMS implant, is located 

under the L4-L5 vertebrae (Hachmann et al. 2013; Szentkuti and Bruns 1983) (vs. T11-T12 in 

humans (Purves et al. 2001)). This region is similar to the T11-T12 region in humans in two 

critical aspects: 1) the range of flexion and extension motion – this is 25 in pigs (L3-L6) (Wilke, 

Geppert, and Kienle 2011) and 21 to 32 in humans (T10-L1) (Oxland, Lin, and Panjabi 1992; 

White and Panjabi 1990); and 2) the dimensions of the spinal canal – the average width is 20 mm 

in pigs and 21 mm in humans, and the average depth is 12.5 mm in pigs and 17.5 mm in humans 

(Sheng et al. 2010). Furthermore, our gross morphological comparisons of the lumbar 

enlargement of the spinal cord itself in humans and pigs, suggest that they are similar in size. 

A laminectomy was performed between vertebral levels L1-L6 to expose the spinal cord, 

and the dura mater was opened. Reflective markers were then attached, using a drop of 

cyanoacrylate, to the inner walls of the facet joints of each vertebra and to the surface of the 

spinal cord in the middle of every other facet joint (figure 5.2a). In order to quantify the flexion 

and extension angles of the spinal column, reflective markers were secured on the sacrum and on 

the spinous processes of vertebrae T4 and T15 (figure 5.2b). Markers were also placed on the 

hip, knee, shoulder and elbow joints. 

A 3D motion capture system (Vicon Motion Systems Ltd., Oxford, UK) was used to quantify 

the movements of the spinal cord relative to the spinal column. Six to eight cameras were used to 

cover a volume of about 1.5 m x 0.8 m x 0.8 m (width x height x depth) (figure 5.2c). Before each 

experiment, the motion capture system was calibrated for both static and dynamic motions and the 
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measurement error was <0.1 mm. In all of the reported trials, the animal was positioned on its right 

side on the surgical table. The thoracolumbar spine was moved between neutral, hyperflexion and 

hyperextension states by bilateral movements of the limbs as shown in figure 5.3. For each trial, 

the 3D coordinates of the reflective markers were recorded continuously at a rate of 120 frames/s. 

Therefore, by tracking the kinematics of the animal’s spine between hyperflexion and 

hyperextension, a series of biomechanical data became available for all thoracolumbar angles in 

this range.  The spine neutral position was defined by thoracolumbar angle of 140° consistently 

across animals (figure 5.3a and figure 5.2b). The acquired data were then filtered with a 2nd order 

low-pass Butterworth filter (cut-off frequency of 12 Hz) before analysis. Data analysis was 

performed using a custom written Matlab (version R2015a, MathWorks co., Natick, USA) 

program. 

All measurements were associated with the dorsal side of the spinal canal and spinal cord, 

which are most directly relevant for the lead-wires of the ISMS implants. Also, in all calculations 

involving the facet joint markers, the coordinates of the markers on the right and left sides of the 

canal were averaged to find a representative location in the middle (mediolateral direction) of the 

canal. This is also relevant to the ISMS implants, where the stimulator and bundle of emerging 

lead wires are attached to the middle of the spinous process, rostral to the implant region (figure 

5.1). 

 

5.2.2. Measurement of Dislodgement Forces 

Displacements and length changes of the implant region of the spinal cord, collectively referred 

to as “range of spinal cord movement,” expose the lead wires, and thereby the electrodes, to 

forces that could cause their dislodgment. Successful lead wire design requires knowledge about 
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the force levels that could dislodge the electrodes from their initial position. 

In-Fiber Bragg Grating (FBG) strain sensors (Dennison et al. 2008, 2010) were placed in 

line with stiff lead wires connected to ISMS electrodes (figure 5.4a). These sensors are light and 

relatively small (optical fiber diameter = 125μm); therefore, they could readily be incorporated 

as part of the lead wires in these experiments. Because FBG sensors are also sensitive to 

temperature changes (Dennison et al. 2010), a second FBG sensor was placed in close proximity 

to the force sensor as a reference at all times. Temperature related artefacts were removed from 

the force measurement recordings by removing the temperature induced signal changes (from the 

second FBG) from the signal changes of the first (force sensing) FBG. Prior to the experiments, 

the FBG sensors were calibrated by measuring the weight of suspended masses ranging from 

0.1-200 g and were deemed reliable in the range of interest with a coefficient of determination 

(r2) of 0.9999. Acquired force data were analyzed to determine dislodgment forces using a 

custom written Matlab program. Statistical analyses were performed using IBM SPSS Statistics 

software (version 22, IBM Co., Armonk, USA). 

 

Bench testing: Dislodgment forces were first measured in a bench-top setup that simulated the 

horizontal movement of the lead wire on top of the spinal cord during movements (figure 5.4a). 

Platinum/iridium (Pt/Ir) microwires (80% Pt), 50 μm in diameter were bent to 90° close to the 

tip, leaving a 4.7 mm length between the bend and the tip.  The electrode was implanted in 

surrogate spinal cord materials (tofu (Snow et al. 2006) and gelatin hydrogel (Cheng et al. 2013)) 

and its lead portion, along with the FBG sensors laid flush with the cord surface. In order to 

measure dislodgment forces, a perturbing force was gradually applied in line with the lead wire 

and the FBG sensor by applying controlled translational movements (figure 5.4a). The forces 
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were recorded continuously at a sampling frequency of 2.5 kHz for the duration of the trial. The 

effect of electrode insertion angle on the measured dislodgment forces was also investigated in 

gelatin hydrogel surrogate spinal cords (Cheng et al. 2013) since they were transparent and 

allowed confirmation of the insertion angles (figure 5.4b).  

 

In-situ experiments: Dislodgment forces were also measured in-situ. A laminectomy was 

performed at the L3-L6 vertebrae and the dura mater was opened. In each trial, the ISMS 

electrode (same as that used in the bench trials, bent to 90°) was implanted into the spinal cord 

with the lead wire-FBG sensor lying on the dorsal surface of the cord. The sensor’s optical fiber 

was then fixed to the L2 spinous process on its path towards the data recording unit. The 

implantation protocol was consistent with published ISMS implantation protocols (Bamford et 

al. 2016; Bamford, Todd, and Mushahwar 2010; Mushahwar, Collins, and Prochazka 2000) with 

the exception of not using mechanically stabilizing components (i.e., cyanoacrylate) at the entry 

point of the electrode into the spinal cord. The pigs were then moved from the neutral to the 

hyperflexed and hyperextended positions (figure 5.3b) while recording forces continuously in 

real time at a sampling frequency of 625 Hz. 

 

5.2.3. Coil Fabrication and Testing 

Based on the information obtained from the pilot experiments in three pig cadavers (the spine-

spinal cord mechanics and the dislodgment forces), coils of varying dimensions and effective 

mechanical stiffness were designed to provide appropriate strain relief in the lead wire (table 

5.1). The role of the coils was to eliminate the transmission of forces along the lead wires to the 

electrodes during physiological movements of the spine. These coils were designed for ISMS 
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implants that were surgically placed with the pig spine in the neutral position (figure 5.3). In this 

case, coils needed to accommodate approximately 5 mm of range of spinal cord movement 

without experiencing forces close to the dislodgment threshold. To increase the design safety 

margin and minimize the forces experienced by the implanted electrodes, the displacement 

requirement for the coil was doubled to 1 cm. For the scope of this study, coils were made from 

two of the most common microwires used in the fabrication of the ISMS arrays: 30 µm and 50 

µm Pt/Ir (80%/20%). The pitch was kept pitch constant and the coil outer diameter was limited 

to a maximum of 800 µm.  These coils were manually constructed from microwires using a lathe 

for coiling, and hypodermic needles of varying outer diameters as coiling shafts.  

Each coil was characterized (force vs. strain profile) using a linear micro-actuator (M-

227.50 – Physik Instrumente, GMBH & Co., Karlsruhe, Germany) and an FBG sensor. The coil 

was attached to a static bench clamp on one side and to the FBG sensor and micro-actuator on 

the other. The micro-actuator strained the coil in 20% steps up to 100% (1 cm), and force was 

statically recorded at each step. Characterized coils were then incorporated in the ISMS lead 

wires (figure 5.4c) and tested in-situ to evaluate their dislodgment outcomes. The testing 

protocol was the same as in section 5.2. 

 

5.3 Results 

5.3.1. Biomechanics of the Implant Region 

In a total of 26 hyperflexion and 20 hyperextension trials in three fresh pig cadavers (figure 5.3), 

the thoracolumbar spine was flexed from its neutral position by 19.25  0.57 (mean  standard 

error) and extended from its neutral position by 23.45  1.2.  
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Figures 5.5a and 5.5b show the segmental length changes of the spinal canal in 

hyperflexion and hyperextension movements. The length of each segment was calculated as the 

distance between the locations of the segment markers. The overall change in length of the spinal 

canal (vertebral levels L1-L6, facet joint marker levels T15-L6) for moving the thoracolumbar 

spine from hyperextension to hyperflexion was 2.4  0.16 cm (mean  standard error), which 

was 14.18  0.88% longer than its length at the hyperextended position.  

The segmental changes in the length of the spinal cord itself were also measured as shown 

in figures 5.5c and 5.5d. The length of the spinal cord segments was calculated by fitting a curve 

to the markers to represent the curvature of the dorsal surface of the spinal cord, and measuring 

the corresponding arc length for each segment (figure 5.3). The overall change in length of the 

spinal cord segments as the thoracolumbar spine moved from hyperextension to hyperflexion 

was 1.58  0.18 cm (mean  standard error), which was 10.73  1.14% longer than its length in 

the hyperextended position. The resulting relative displacement of the spinal cord and spinal 

canal was also measured as shown in figures 5.5e and 5f. Figure 5.5f shows the change in the 

distance between the spinal cord marker and its closest rostral facet joint marker, for each 

segment. Figure 5.5e shows the two-dimensional change in the distance between these markers, 

calculated by projecting the coordinates of the facet joint markers onto the fit curve to the surface 

of the spinal cord and measuring their distance from the spinal cord markers. 

The ISMS implant region in pigs is located approximately between facet markers L3-L5 

and spinal cord markers M3-M5 (figure 5.2a). In a lumbar ISMS implant in this model, the 

bundle of lead wires would be fixed to the L2 spinous process, and the electrodes would be 

implanted in different locations within the M3-M5 region. The worst-case scenario (largest range 

of coil movement) in terms of stability would be for an electrode implanted most caudally, near 
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the M5 marker. The overall movement range that the lead wire should be able to accommodate 

without dislodgment of an electrode in this location can be calculated by summing the maximal 

change in spinal cord length in this region (M3-M5) and the relative displacement of the lamina 

L2 (bony fixation point) and its adjacent spinal cord marker (M3). These values were 5.64  0.59 

mm and 5.66  0.57 mm, respectively.  

In this study, coils were designed and tested for the case when the ISMS implant is 

surgically placed with the pig’s spine in the neutral position (as opposed to hyperextended 

position). In this case, the maximal length change of the implant region and the relative 

displacement of the lamina L2 and the spinal cord marker M3 are 1.46  0.39 mm and 2.13  

0.38 mm, respectively.  

 

5.3.2. Measurement of Dislodgement Forces 

Examples of force recordings while translational movements were applied to electrodes 

implanted in gelatin surrogate spinal cords are shown in figure 5.6a. The average dislodgment 

force of electrodes implanted in the gelatin surrogate cord was 30.9 ± 13 mN (mean ± standard 

deviation), obtained across 30 trials in three cord samples (figure 5.6b). In comparison, the 

average force for dislodging electrodes from the tofu surrogate spinal cord across 10 trials in two 

samples was 70.0 ± 3.6 mN (mean ± standard deviation).  

The electrode insertion angle had a significant effect on the dislodgement force of 

electrodes implanted in gelatin surrogate cords. In these experiments, the electrodes were 

implanted at 45 (8 trials), 90 (28 trials) and 135 (17 trials) angles, and the mean dislodgment 

forces were 103.5  19.7, 33.3  10.9 and 17.3  6.1 mN (mean  standard deviation), 

respectively. The dislodgment forces were significantly different for insertion angles 45, 90 



 
 

174 

and 135 (p<0.001 for all pairs; Brown-Forsythe corrected statistics and Tamhane’s T2 post-hoc 

analysis).  

The average dislodgement force across 52 trials of electrodes implanted with an insertion 

angle of 90in the lumbosacral region of the spinal cord in three fresh pig cadavers was 60.9  

35.5 mN (mean  standard deviation) (figure 5.6b). Electrode location along the region of 

interest in the spinal cord did not have a significant effect (one-way ANOVA, p = 0.998) on the 

dislodgment forces (figure 5.26c). 

 

5.3.3. Coil Fabrication and Testing 

Six coil types were fabricated and characterized prior to testing in-situ in three fresh pig 

cadavers. Force-strain profiles of two typical coils of types #1 and #2 (table 5.1) are shown in 

figures 5.7a and 5.7b. Based on the force-strain profiles obtained during bench testing for each 

coil type and assuming that the implant region, and therefore the coils incorporated in the lead 

wires, have a movement range of 1 cm, the maximal force transferred to the implanted electrodes 

was calculated. These values were then compared to the dislodgement thresholds (mean  

standard deviation) measured in-situ. 

Based on bench test results, coil types #1 through #5 (table 5.1) were not expected to 

transmit forces that would dislodge the electrodes during in-situ tests in pig cadavers. Coil type 

#6, however, was predicted to cause electrode dislodgement as its force-strain profile showed 

forces higher than the minimal dislodgment forces within the tested strain window.   

A total of 78 coils (coil #1: n=11, coil #2: n=12, coil #3: n=21, coil #4: n=10, coil #5: 

n=11, coil #6: n=13) were tested in-situ and the force transmitted to the electrodes were 

measured. The outcomes were consistent with the predictions made based on bench test results: 
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all tested coils from types #1 through #5 allowed the ISMS electrodes to remain in place without 

displacement or dislodgement. However, 30% of the coils from type #6 caused their respective 

ISMS electrodes to dislodge during hyperflexion movements of the spine. Examples of the force-

displacement curves recorded during in-situ dislodgment tests are shown in figures 5.7c – 5.7e. 

A summary of the average maximal force experienced by the ISMS electrodes for all coil types 

is shown in figure 5.8. 

 

5.4 Discussion 

5.4.1. Overview 

Successful performance of neural implants in the central nervous system may be affected by the 

tissue’s foreign body response (FBR) as a result of factors such as material, shape and relative 

motion of the implanted electrodes (Ward et al. 2009). Many studies have focused on minimizing 

the FBR by addressing one or more of its contributing factors. This has led to the emergence of 

various electrode/electrode array designs (e.g., Michigan microelectrode system (Kipke et al. 

2003), Utah electrode array (Rousche and Normann 1998), Moxon electrode array (Moxon et al. 

2004), Giszter braided electrode (Kim et al. 2013)) as well as electrode coatings (Zhong and 

Bellamkonda 2007). Among the factors contributing to FBR, “tethering” of the implanted 

electrodes is shown to be the most important (Ersen et al. 2015).  The focus of this study was on 

designing a strain relief mechanism that would mechanically decouple the implanted floating 

electrodes from the fixed stimulator. For the systematic design of such strain relief mechanism, 

detailed knowledge of the biomechanics of the spinal column and spinal cord during 

physiological movements was needed. Moreover, knowledge of the forces that could displace 
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electrodes and dislodge them from their site of implantation was also needed. This information 

was obtained in the present study, and coils that accommodated for the movement range 

experienced by the spinal cord during physiological movements were successfully designed and 

tested. 

 

5.4.2. Similarity between the biomechanics of the spine in humans and pigs 

A comparison between the results presented here and a meticulous study conducted by Louis 

(Louis 1981) in fresh human cadavers demonstrates similarities in all of the measured relevant 

biomechanical variables. For instance, Louis (Louis 1981) reported the overall change in length 

of the lumbar spinal canal to be 2.8 cm in humans (measured from spine neutral to hyperflexion 

positions) while this study found it to be 2.4  0.16 cm in the domestic pig model. With regards 

to the ISMS implant region (vertebral levels L4-L5 in pigs and T11-T12 in humans), the overall 

length change of the spinal cord in pigs was 5.64  0.59 mm. In Louis’s study (Louis 1981), the 

overall elongation of the spinal cord under vertebral levels T11-T12 in humans was 

approximately 7.5 mm (hyperflexion with respect to hyperextension positions). In both studies, 

similar trends were observed in the direction of the relative displacement of the spinal cord and 

spinal canal. Results in figure 5.5e suggest that during spine flexion, the direction of spinal cord 

displacement with respect to the spinal canal changes at the L3-L4 intervertebral disc. Louis’s 

results suggest that this change occurs at intervertebral disc L4-L5 in humans (Louis 1981). 

Larger length changes are observed in extension movements than flexion in pigs than in 

humans (figure 5.5).  This is partly because of the difference in the neutral positions and inherent 

differences in the lordosis angles in the human and pig lumbar spines: 29.2  7.6 in humans and 

7.9  5.7 in pigs (Busscher et al. 2010). Nonetheless, taken collectively, the results obtained in 
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this study confirm the assumption that domestic pigs are an appropriate large animal model for 

humans, particularly for the assessment of the mechanical stability of lumbar ISMS implants.  

 In the present study, we also successfully measured the minimal force levels (thresholds) 

for dislodging 4.7mm long ISMS electrodes implanted in pig spinal cords. Results shown in 

figure 5.6c suggest that these values are not location dependent within the lumbar spinal cord. 

However, the insertion angle of the electrodes had a significant effect on thresholds for electrode 

dislodgement, suggesting that it is an important design parameter for mechanical stability of 

ISMS implants.  

Based on bench testing in surrogate spinal cord materials, gelatin hydrogel cords (Cheng et 

al. 2013) had the lowest thresholds for electrode dislodgement. This suggests that these cords 

may be an excellent test tool for future bench testing since implanted systems that pass the 

dislodgment requirements in these cords are expected to perform within the design parameters 

in-situ.  

Dislodgment forces measured in-situ demonstrated a larger variability compared with 

measurements obtained from surrogate cords in the bench tests (figure 5.6b). This may be 

because the topography of the dorsal surface of the spinal cord and its overlying vessels is less 

uniform than that of the surrogate cord materials; thus resulting in larger variabilities in friction 

and in-situ dislodgment forces. Coil types that passed the in-situ dislodgment tests provide 

examples of specifications of suitable coils for a mechanically stable ISMS implant.  

 

5.4.3. Design implications for human implants 

Based on the results obtained in this study, domestic pigs are an appropriate animal model for 

testing the mechanical stability of human lumbar ISMS implants. An important consideration for 
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the design of ISMS implants is the difference in the spine neutral positions of humans and pigs, 

which has important implications for the ranges of elongation and compression for coil testing. 

For instance, coiled lead wires that would be surgically implanted in humans in a prone position 

can experience larger elongations than those implanted in the pig’s neutral position. Since spine 

surgeries are commonly performed with patients in the prone position, for best compatibility, 

coiled lead wires should be designed and surgically implanted in pigs while in an extended spine 

position.  

The range of coil movement as a design constraint should be selected to be larger than 

12.11 mm for an ISMS implant in pigs. Past studies in humans did not directly characterize all 

the relevant variables for the ISMS implant region (e.g., 3D displacement of the spinal cord with 

respect to the neighbouring lamina as shown in figure 5.5f). However, similarities between the 

implant regions of pigs and humans suggest the possibility of using the same critical value with a 

correction factor to increase the design safety margin, until direct measurements in humans 

become available.  Another reason for the use of an appropriate correction factor is the 

limitations associated with the scope of this study. For instance, we have only investigated 

extreme conditions for the thoracolumbar spine flexion/extension movements and have not 

considered more complex combinatory movements (e.g., addition of cervical spine movements 

or axial rotation and lateral bending of the spine) which could potentially produce larger 

displacements and length changes in the implant region (Harrison et al. 1999).   

In the design of an appropriate coil, the critical movement range of the implant region 

should account for both elongation and compression of the spinal cord relative to the neutral 

(prone) position. For instance, the coils that were designed in this study for placement with the 

pig in neutral position should be able to accommodate at least 8.3 mm of compression and 4.1 
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mm of elongation (overall movement range of 12.1 mm, figure 5.5c, 5.5f). Although 

compression tests were not conducted in this study, future designs should include these tests as 

well.  

The critical force limit as a coil design constraint should be lower than the minimal 

dislodgment forces measured in pig spinal cords (mean – 1 *standard deviation = 25.4 mN) to 

ensure implant stability. Because the implanted ISMS electrodes go through the pia mater, the 

coils should be softer than the pia mater to minimize the electrode’s micromotion in the spinal 

cord. The Young’s modulus of the spinal cord pia mater is 2.3 MPa and the spinal cord itself has 

a Young’s modulus of 5 kPa (Ozawa et al. 2004).  

The equivalent Young’s modulus of springs/coils can be calculated from (Smith 2010): 

 

𝐹𝑜𝑟𝑐𝑒

𝐶𝑜𝑖𝑙 𝑐𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑟𝑒𝑎
=  𝐸

∆𝐿

𝐿
 

 

where E is the Young’s modulus and L is the coil length. For instance, the equivalent Young’s 

modulus of coil type #2 at 100% strain, is ~2 kPa which is 1150 times lower than the pia mater’s 

modulus and 2.5 times lower than the spinal cord’s modulus. Based on the results obtained in 

this study, coiled lead-wires can be designed to ensure mechanical stability and resemble an 

untethered condition of the implanted ISMS electrodes as closely as possible.   

To the best of our knowledge, the dislodgment forces measured in this study are the first 

for any spinal cord implant in any species. Therefore, although we do not believe that these 

forces would be different in humans, correction factors should be used to account for potential 

variations between species, until measured directly. Consistency of the in-situ coil test outcomes 

with the predictions made based on the design constraints demonstrates the reliability of the 
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utilized methods (biomechanics and dislodgment force measurements) for the systematic design 

of a mechanically stable ISMS implant. These techniques may also be applied for the design of 

any mechanically stable neural implant.  

Length changes of the spinal cord resulting from extreme movements also result in elastic 

deformation of the spinal cord cross-section. In order to minimize the potential effect of such 

disturbances to the implanted electrodes, an ideal ISMS implant should also consist of electrodes 

with mechanical properties matching those of the spinal cord, in addition to the lead-wire design 

considerations presented in the present study. 

 

5.5 Conclusions 

In this study, we investigated the design constraints for a mechanically stable lumbar ISMS 

implant driven mainly by the design of the lead wires. In a domestic pig model, we measured the 

effect of hyperflexion and hyperextension movements of the thoracolumbar spine on the length 

changes and relative displacements of the ISMS implant region. The results suggested that 

domestic pigs are a suitable model for humans for testing lumbar ISMS implants. Electrode 

dislodgement forces were then measured in pig cadavers. These constraints were used to design a 

strain relief mechanism in the lead wire that can dissociate the implanted electrode from the rest 

of the implant.  

As a proof of concept, six types of coiled lead wires were fabricated, characterized and 

tested in pig cadavers. These coils substantially reduced the forces transmitted to the electrode, 

preventing its dislodgment from the tissue. Future studies will focus on testing the long-term 

mechanical stability of chronically implanted ISMS systems in pigs. 
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5.6 Tables   

Table 5. 1. Specifications of the fabricated coil types and results of bench characterization and 

in-situ testing in fresh pig cadavers. 
 

Coil 

Type 

Wire 

Diameter 

(µm) 

Coil 

Diameter 

(µm) 

Coil 

length 

(cm) 

Mean force-displacement 

slope obtained from 

bench-tests(mN/cm) SD 

Electrode status 

after the in-situ 

tests 

1 50 800 1 4.41 0.6 In-place 

2 25 800 1 1.0 0.9 In-place 

3 50 500 1 7.7 3.3 In-place 

4 25 500 1 1.1  0.49 In-place 

5 25 200 1 1.2  0.9 In-place 

6 50 200 1 67.3 8.9 
Dislodged in 

30% of trials 
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5.7 Figures 

 

 

 
 

Figure 5. 1. Conceptual representation of an ISMS implant. The implant consists of electrodes 

implanted in the spinal cord with tips reaching the ventral horn, a stimulator, and lead wires 

connecting the electrodes to the stimulator. This study focused on incorporating a strain relief 

mechanism (coils) in the lead wires to minimize the effect of relative movement between the 

spinal column and spinal cord on the implanted electrodes. 
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 (a) 

 
 

 
 

Figure 5. 2. Reflective markers on the spinal cord and spinal canal. (a) Positions of reflective 

markers for measurements of the mechanics of the spinal column and spinal cord during 

physiological movements. The markers on the spinal canal were at the level of the facet joints. 

The spinal cord markers, placed on the dorsal surface of the spinal cord, were positioned in 

between the spinal canal markers (rostro-caudally). Spinal cord levels (annotated in blue) were 

identified by their relationship to the position of the root axilla levels. (b) Positions of the 
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reflective markers on the pig cadaver and definition of the measured angles. (c) Motion capture 

camera setup with respect to the surgical table. Six to eight cameras were used to cover a volume 

of about 1.5 m x 0.8 m x 0.8 m (width x height x depth). In all of the reported trials, the animal 

was positioned on its right side on the surgical table with the reflective markers on its spine and 

spinal cord facing the cameras. 
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Figure 5. 3. Changes in marker position during movements within the physiological range of 

motion. (a) Spine neutral position. (b) Spine hyperflexed position reached by moving both 

forelimbs caudally and both hind limbs rostrally. (c) Spine hyperextended position reached by 

moving both hind limbs caudally and dorsally. Spinal canal reflective markers on the facet joints 

and spinal cord markers in the sagittal plane with the spine in the neutral (d), hyperflexed (e) and 

hyperextended (f) state. Close up of the spinal cord markers in the sagittal plane with the spine in 

the neutral state (g), hyperflexed (h) and hyperextended (i) state. (j) 3D view of the reflective 

markers in the neutral state. The pigs were placed on their right side on a flat surgical table for all 

trials. 
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    (a) 

 
(b)                                                                                      (c) 

   
(d) 

 
 

Figure 5. 4. Bench and in-situ setups for measurement of electrode dislodgement forces. (a) 

Bench testing setup shown for a dislodgment trial in Tofu – the thickness of the FBG sensor and 

the lead wire have been increased to improve their visibility. (b) Electrode insertion angle. (c) A 
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close-up image of coil type #3 lying on the dorsal surface of the spinal cord. (d) Experimental 

setup for testing in fresh pig cadavers. One reflective marker is placed on the lead-sensor fixation 

point on the bone (L2 spinous process) and another close to the insertion point of the electrode. 

In this example, a coil is attached in-series to an FBG sensor to measure force and another FBG 

sensor is also used in parallel for temperature compensation. 
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Figure 5. 5. Biomechanics of the lumbar spinal cord and canal in fresh pig cadavers. All of the 

parameters for spine flexion and extension movements were measured with respect to the pig’s 

neutral position, and all measurements were made on the dorsal side of the spinal cord and canal. 
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(a) Absolute change in the length of spinal canal segments. (b) Change in the length of spinal 

canal segments relative to their initial length. (c) Absolute measurements of change in length of 

the spinal cord segments (as defined in figure 4). (d) Segmental strain of the spinal cord. (e) 

Projected displacement of the spinal cord and the spinal canal. This is measured as the change in 

the distance between the spinal cord marker and the projected position of the spinal canal marker 

onto the spinal cord surface. This parameter is independent of canal depth and is compatible with 

the classical measurement methods in literature (Wilke, Geppert, and Kienle 2011). (f) 

Displacement of the spinal cord and the spinal canal. This is measured by the change in the 3D 

distance between the spinal cord and the spinal canal markers. This parameter is more applicable 

to the definition of the design constraints required for an ISMS implant. (g) Measured changes in 

angles from neutral to hyperflexion and hyperextension. The thoracolumbar angle for neutral 

position was 140°. 
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Figure 5. 6. Summary of electrode dislodgment forces obtained without coils in the lead wires. 

(a) Raw force traces measured in gelatin surrogate spinal cords. As ‘time’ progressed in these 

trials, more translational movement was applied manually to the lead wires (figure 4a) causing 

an increase in force transmitted to the electrode, until the electrode dislodged (triangle symbols) 

from its implanted location. Separations of traces in x-axis represent variations in the speed of 

the manual displacements.  (b) Average dislodgment forces in tofu and gelatin surrogate cord 
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materials measured in bench-top trials and in-situ in three fresh pig cadavers obtained while 

moving the pigs from neutral to hyperflexion (mean ± standard error). (c) Effect of implantation 

location on dislodgment forces. In this experiment, electrodes were implanted in a 4.7 cm-long 

region of the spinal cord (L4 to S2 spinal cord levels). Implantation location did not have a 

significant impact on the force threshold for electrode dislodgment. ‘n’ is the number of trials in 

each experiment. 
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Figure 5. 7. Force vs. strain and displacement profiles of different coils obtained from bench and 

in-situ tests. (a), (b), repeated bench trials (as described in section 5.3) of type #1 (n=5) and type 

#2 (n=6) coils (table 1), respectively. Dashed blue lines represent the average of the linear fit-

curves of each trial for that coil. (c) Example of results obtained from coils type #6 tested in-situ 

(n=8). Electrodes were dislodged in trials shown in brown, cyan and blue. (d) Example of results 

obtained from coils type #3 tested in-situ (n=10). (e) Example of results obtained from coils type 
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#4 tested in-situ (n=13). During in-situ tests, the pig spine was moved from neutral to 

hyperflexion. The horizontal red lines in (c), (d) and (e) represent the average minimal 

dislodgment forces measured without coils in-situ in pig cadavers, and the horizontal dashed 

lines represent ±1 standard deviation from the average.   

 

 
 

Figure 5. 8. Summary of coil design specifications and average in-situ test dislodgment 

outcomes. The force/displacement profiles shown in this figure are obtained from the bench 

tests. The red plane represents the mean electrode dislodgment forces measured without coils in 

pig cadavers and the blue plane shows mean - 1 * standard deviation. All electrodes attached to 

coil types #1 through #5 (table 1) remained in place, while 30% of the electrodes attached to coil 

type #6 were dislodged when the spine moved from neutral to hyperflexion.  
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Chapter 6. General Discussions 
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6.1 Summary and Significance 

The overall goal of this thesis was to advance intraspinal microstimulation (ISMS) closer to 

clinical testing. The described projects addressed the requirements for intraoperative testing of 

ISMS in humans by developing a stereotactic setup for precise placement of implants in humans, 

evaluating the influence of a clinical neurosurgical anesthetic protocol on the responses to ISMS, 

and investigating the organization of implant targets in the spinal cord of primates. It also made 

contributions to the technological design of a clinical ISMS implant. Considering the aim of 

clinical translation, all of the studies were conducted in large animals (i.e., domestic pigs) and 

primates (i.e., rhesus monkeys). 

The first project (chapter 2) involved the development of a stereotactic setup for precise 

placement of ISMS implants into the human spinal cords. The implantation targeting accuracy of 

microelectrodes is critical for the success of ISMS in activating the intended motor units. For this 

study, based on an estimation of current spread at the maximal stimulation intensities required 

for production of standing and walking movements, a maximal acceptable targeting error of 0.5 

mm was set. Comparatively, the effective size of the smallest cross-sectional targets in the feline 

spinal cord is estimated to be ~0.3 mm2 (tibialis anterior motoneuronal pool) (Mushahwar and 

Horch 2000, 1997). Assuming the effective size of motoneuronal pools is proportional to the size 

of the spinal cord in each species, the smallest targets would be ~0.4 mm2 in humans (Sengul et 

al. 2012). The design goals for the setup also included safety, compatibility with existing surgical 

instrumentation, modularity, and ease of assembly and disassembly. Therefore, an image-guided, 

spine-mounted, stereotactic setup was developed that met these goals. This setup is typically 

mounted on existing surgical pedicle screws and provides fixation over the implant region of the 

spinal cord, while not allowing for relative motion between the electrode and the subject’s spine. 



 
 

196 

As part of this system, intraoperative ultrasound guidance was used to assist with planning of the 

implantation trajectory and alignment of the microelectrode for successful targeting. 

Intraoperative ultrasound imaging also provided the ability to acquire feedback during and after 

implantation regarding the location of the electrode tip. Using ultrasound guidance, the targeting 

error for locations in the ventral horns was significantly reduced and met the targeting error goal. 

Although this system was primarily developed and tested in domestic pigs, it was also used for 

experiments in rhesus monkeys (chapter 3). While the primary motivation for the development of 

this system was for accurate placement ISMS implants, it may also be used for precise delivery 

of drugs or cells into the spinal cord parenchyma.   

 In preparation for the first clinical testing of ISMS in the lumbosacral spinal cord, the 

second project (chapter 3) investigated the effect of a common neurosurgical anesthesia protocol 

(a total intravenous anesthesia with propofol as the main anesthetic agent) on responses to ISMS 

in pigs. During the implantation process, feedback from the ISMS responses (e.g., joint torques, 

movement kinematics, and activity of the muscles) under anesthesia are important for 

optimization of the locations of the ISMS microelectrodes. They are also critical for 

intraoperative electrophysiological mapping procedures such as the one described in chapter 3 in 

rhesus monkeys, where ISMS responses are the primary outcome measures of the experiment. 

This study demonstrated that under propofol anesthesia, ISMS can produce functional 

movements in the hindlimbs with large joint torques and ranges of motion. As part of this study, 

responses to ISMS under propofol were also compared to those produced under common 

preclinical anesthetic protocols (i.e., pentobarbital and isoflurane). Isoflurane anesthesia 

significantly suppressed all measured responses to ISMS (joint torques, range of motion, EMG 

amplitude) and raised the stimulation thresholds for producing movements, compared with 
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pentobarbital and propofol anesthesia. The responses under the propofol and pentobarbital 

anesthetic protocols however, were not different from each other. Collectively, these findings 

suggest that propofol anesthesia is a suitable protocol for clinical testing of ISMS. The 

substantial suppression of the responses by isoflurane anesthesia indicates that it is not a suitable 

protocol for procedures involving functional testing of ISMS implants. Importantly, the 

similarity of the ISMS responses under pentobarbital (most common preclinical anesthetic) and 

propofol anesthesia suggests that the results of preclinical literature of ISMS using pentobarbital 

anesthesia, would be comparable with those to be obtained in future clinical intraoperative tests 

of ISMS. 

 The third project (chapter 4) characterized the responses to ISMS in rhesus monkeys and 

obtained the functional organization of the motoneuronal pools in the lumbosacral enlargement. 

These experiments demonstrated that ISMS in the rhesus monkeys can produce functional 

single- and multi-joint synergistic movements with large ranges of motion. They also showed 

that similar to cats, the obtained functional map is consistent from one monkey to another. Most 

importantly, they showed that the relative organization of the motoneuronal pools of monkeys 

was similar to cats. The stimulation thresholds for evoking a movement by ISMS was also found 

to be similar between monkeys and cats. Collectively, these findings led to the hypothesis that 

not only would ISMS in the human lumbosacral spinal cord produce similar functional motor 

outputs in the legs, but the motoneuronal pools in humans would have a similar relative 

functional organization to that in animals. The obtained functional map of the lumbosacral spinal 

cord in monkeys along with that of the cats will guide the lumbosacral target locations in the first 

experiments of ISMS in the humans.  
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 The fourth project (chapter 5) quantified the effects of gross movements of the spine on 

the segmental biomechanics of the lumbosacral spine and spinal cord. This study was conducted 

in domestic pigs given their similar spinal anatomy to humans. The study also quantified the 

critical force levels at which implanted electrodes dislodge from the spinal cord. Specifications 

for strain relief coils to prevent the dislodgment of ISMS electrodes during natural movements of 

the spine were proposed. Collectively, the information gained from this project informs the 

design of mechanically stable ISMS implants.  

 This study also proposed a bench-top setup for testing implant design prototypes. 

Dislodgment tests using this setup simulate the natural dislodgment thresholds of the spinal cord. 

The bench-top setup can reduce the need for time-consuming and costly animal experiments in 

the early design and prototyping stages of spinal cord implants.  

The segmental biomechanical measurements of the spine and spinal cord also allow for 

the design of ISMS implants in regions of the lumbar spine other than the lumbosacral 

enlargement of the spinal cord. Importantly, the parameters acquired from this study may also be 

used for the design of neural interfaces with the spine and spinal cord other than ISMS, such as 

epidural (Minev et al. 2015) and intradural spinal cord stimulation implants (Howard et al. 

2011).  

In summary, this thesis took critical steps towards preparing for clinical intraoperative 

testing of ISMS, and proposed specifications and design criteria for mechanically stable ISMS 

implants in large animals. 
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6.2 Future Directions 

One of the remaining questions in the path of clinical translation of ISMS is where should the 

ISMS implants be placed in the human spinal cord for functional success? In this thesis an 

intermediate step was taken towards answering this question by obtaining the functional map of 

the lumbosacral spinal cord of non-human primates and was shown that the functional maps are 

preserved across species (cats and monkeys). Future studies should investigate this directly in the 

lumbosacral enlargement of humans. This information not only can confirm the feasibility of 

ISMS in producing functional movements in the lower limbs of humans, but would guide the 

final design of human ISMS implants. These design specifications include: the layout of the 

microelectrode arrays (i.e., inter-electrode spacing), the length of the microelectrodes determined 

by the locations of ISMS targets for standing and walking in the spinal cord, and the range of 

stimulation intensities for producing leg movements (to guide the final design of ISMS 

microelectrodes and ensure long-term stimulation safety). 

 The clinical experiments investigating the functional organization of the spinal 

motoneuronal pools, will employ the developed image guided spinal stereotactic system. This 

system utilized a clinically available intraoperative ultrasound transducer for providing image 

guidance and demonstrated its effectiveness in improving the targeting accuracy of intraspinal 

implants. Next steps in the development of this system may include the following for 

improvements in performance and ease of operation: 1) Improving the resolution of 

intraoperative ultrasound imaging using micro-ultrasound transducers with higher imaging 

frequencies (Jakubovic et al. 2018). 2) Adaptation of the available technologies for real-time 

fusion of pre-operative magnetic resonance images (MRI) with intraoperative ultrasound to 

surgeries of the spinal cord (Ewertsen et al. 2013). Intraoperative access to both imaging 
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modalities, may improve reliability of target selection and trajectory planning before 

implantation of electrodes. 3) Use of computer controlled motorized micromanipulator stages. 

Incorporating motorized stages into the micromanipulator system design can increase the speed 

and accuracy of targeting (i.e., reducing possible human error). 

 In chapter 5, the criteria for the mechanical design of ISMS implants were provided and 

specifications for a mechanically stable ISMS implant design were presented. Although acute 

testing of the designed ISMS implants confirmed their stability in the spinal cord of fresh pig 

cadavers, further studies are required to evaluate the stability of the implants chronically in-vivo. 

It is also important to consider that the design criteria obtained in this study were based on 

measurements conducted when animals underwent extreme spine flexion and extension 

movements, but do not account for more complex combinatory movements of the spine. 

Therefore, appropriate correction factors should be used for the design parameters to incorporate 

a safety margin for such scenarios. Future studies may also investigate the influence of complex 

movements on the biomechanics of the implant region and update the criteria presented in this 

study. Future designs should also consider the effect of physiological mechanical perturbations, 

such as vibration, on the stability of the implanted electrodes.  

 In recent years, research into the applications of ISMS in the cervical region of the spinal 

cord has grown (e.g., for restoration of upper limb mobility (Zimmermann, Seki, and Jackson 

2011; Jackson and Zimmermann 2012; Zimmermann and Jackson 2014; Sunshine et al. 2013) 

and breathing (Sunshine et al. 2018; Mercier et al. 2017)). Therefore, future studies may also 

employ similar methods as those used in chapter 2, for the design of mechanically stable cervical 

implants. 
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 Considering that the current implementation of ISMS for restoring walking only targets 

the lower limb muscles, it is expected that its first clinical trials would require individuals to also 

use assistive devices for balance. A possible strategy to ease and improve the use of assistive 

devices with ISMS would be to enhance the users’ trunk control and posture. This may be done 

by combining ISMS with techniques that improve or restore trunk stability. These include the 

use of implantable peripheral FES systems targeting the axial muscles (Triolo et al. 2009) or 

rehabilitation paradigms involving epidural stimulation (Angeli et al. 2018). 

 Finally, given that all preclinical models of ISMS research were quadrupedal animals, the 

ISMS controller design would also require modifications to enable human bipedal walking. Early 

clinical trials of chronic ISMS implants are expected to focus on this aim.  
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