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ABSTRACT 
 
Primary somatosensory cortex (SI) is an important cortical structure involved in receiving 

and relaying sensory inputs to condition primary motor cortex (M1). The functional 

interaction between SI and M1 is important for motor control by providing surround 

inhibition, which is the inhibition of muscles not involved in the movement and in 

learning new motor skills. This interconnection is known as short-latency afferent 

inhibition (SAI) and may be probed using Transcranial magnetic stimulation and 

peripheral nerve stimulation. SAI is dependent on the afferent volley as increasing the 

nerve stimulation intensity increases the depth of SAI. Individuals with spinal cord injury 

show reductions in SAI evoked in lower limb and this may be a contributing factor to the 

impairments in motor control seen within this population. SAI has yet to be investigated 

in the upper limb in individuals with chronic cervical SCI and this thesis examines these 

alterations. Two experiments were performed examining M1 excitability (motor evoked 

potentials), SI excitability (somatosensory evoked potentials) and the interconnection 

between SI and M1 (SAI). The first Experiment investigated alterations in these measures 

in individuals with SCI while the second Experiment investigated these measures as a 

function of the afferent volley. The collective results from Experiment 1 indicate that 

motor evoked potentials and SAI are reduced but somatosensory evoked potentials are 

similar to controls. Further data from Experiment 2 indicate that SAI and SEPs increase 

as a function of the afferent volley and indicate that alterations seen in individuals with 

SCI may be due to cortical plasticity in the synapses from SI to M1 or within M1. The 

novel findings of this thesis have indicated aberrant cortical circuits in individuals with 
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SCI and have indicated potential synapses that may be targets for TMS plasticity 

protocols to alter and restore function to these circuits.  
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Chapter 1: Goals of Thesis 

 

1.1 Overview of Thesis 

 

The goal of this Master's thesis was to 1) investigate the effects of a somatosensory 

afferent input on the excitability of the motor cortex and how this may have changed in a 

group with a spinal cord injury (SCI) and 2) investigate the effects of the magnitude of 

the afferent input on neural activity within primary somatosensory and motor cortices (SI, 

M1). At a distinct latency, afferent input has a strong inhibitory effect on the motor 

cortex, a circuitry termed short-latency afferent inhibition (SAI) [1]. This inhibitory 

circuit is thought to play an important role in gating cortical excitability during 

movement by inhibiting non-moving, uninvolved muscles, a concept known as surround 

inhibition [2,3]. SAI is altered in many movement disorders such as focal hand dystonia, 

[4,5] Parkinson’s disease,[6] and following stroke [7,8]. SCI leads to a decrease in 

somatosensory afferent input to the cortex,[9] a decrease in corticospinal output from the 

cortex,[10] cortical reorganization within SI [11,12] and M1[11,13]and these alterations 

may lead to aberrations in cortical function within M1, SI and the communication 

between the two. To date no research has been provided on the sensorimotor integration 

in upper limbs of individuals with cervical spinal cord injury. Further, altering the 

intensity of the somatosensory afferent volley has been shown to change these cortical 

responses in that somatosensory evoked potentials (SEPs), paired pulse ratio (PPR) and 

SAI all increase with an increase in the nerve stimulus intensity. However, it is not 

known how these measures respond to an increase or decrease in the afferent volley, 

something likely to be present in an individual with SCI and this information would 
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2!
greatly assist in the interpretation of alterations in sensorimotor function observed in 

individuals with SCI.  

 

1.2 Summary of Experiments  

 

Experiment 1 examined measures of M1 function through motor evoked potentials (MEPs) 

and thresholds, SI function through sensory nerve action potentials (SNAPs), SEPs and 

sensorimotor connectivity through SAI in individuals with spinal cord injury (SCI) 

compared to uninjured controls. TMS was performed over flexor carpi radialis (FCR) and 

MN stimulation was used to evoke SNAPs, SEPs and SAI (ISIs of 15, 20 and 25 ms) in 

both resting and active states. Eight individuals with SCI were studied bilaterally (12 limbs 

total) across three sessions and compared to thirteen age-matched controls. Results indicate 

that SNAPs SAI, and MEPs are reduced in SCI but SEPs are not. Therefore, we conclude 

that reduced SAI in SCI may be due to decreased projections from SI to M1 or in the 

intrinsic motor circuitry mediating SAI. These data provide a new avenue of research 

aimed at therapeutic approaches to alter SAI and restore upper limb function in individuals 

with SCI. 

The objective of Experiment 2 was to further investigate the effect of increasing stimulus 

intensity, based on % SNAPmax on measures of SEPs, PPR and SAI. The second 

objective was to investigate the relationship between SEPs, PPR and SAI. Twenty-three 

right-handed individuals were studied. The median nerve was stimulated at the wrist 

using stimulus intensities of ~ 25%, 50%, and 75% SNAPmax and 1.2 x and 2.4 x MT.  

SEPs, PPR and SAI increase from 20% to ~ 50 % SNAPmax and do not increase 

significantly beyond this intensity (i.e. saturation point). Further, correlations between 
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3!
SAI and SEPs as well as SAI and PPR were significant. Data reveal similarities in the 

stimulus-response profiles of SEPs, PPR and SAI and correlations provide further support 

for the relationship between excitation within primary somatosensory cortex and 

inhibition within primary motor cortex. These data can be used as a guideline for 

choosing appropriate intensities for intervention type studies that aim to reveal increases 

and/or decreases in one or more of these measures. 

 

1.3 Significance of Work 

 

The characterization of MEPs, SNAPs, SEPs and SAI in an SCI population is an 

important step in determining the cortical areas that may serve as targets for plasticity-

inducing protocols that aim to change the effectiveness of these circuits. The circuits SAI 

and LAI have been chosen because they have been implicated in the sensorimotor 

integration of human movement by providing the concept of surround inhibition. 

Surround inhibition being the inhibition of corticospinal output to muscles not involved 

in movement, i.e., digit 5 is showing inhibition when digit 2 is moving. The SCI 

population, who may have alterations to sensory perception as well as decreases in the 

amount of afferent information that arrives at the cortex, are good candidates to show 

changes to these neural circuits resulting in aberrant sensorimotor integration.[9] In this 

thesis the upper limb has been chosen to study because tetraplegics with incomplete 

spinal cord injury rely on their upper limbs for a majority of their activities of daily living 

(ADL's).[14] Small improvements in function within the upper limb can have a large 

impact on the ability to perform ADL's and it has been shown that regaining upper limb 

function is a top priority to those with a cervical spinal cord injury.[14] 
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Chapter 2: Literature Review 

2.1 Relevant Anatomy  
 
 
2.1.1 Anatomy of the Spinal Cord 

The spinal cord is a critical structure in the transmission of information to and from the 

cortex. The spinal cord is divided into central gray matter and peripheral white 

matter.[15] The gray matter is composed mainly of neuron cell bodies. It is divided in the 

midline by a dorsal and ventral gray commissure and from here can be further divided 

into a posterior (dorsal) horn, an anterior (ventral) horn and a lateral horn. [16,17] The 

gray matter of the dorsal horn contains neurons that pertain to inputs from sensory 

afferents. The gray matter of the ventral horn is primarily made of alpha motoneurons 

concerned with innervating skeletal muscle.[16,17] The lateral horn can only be found in 

the thoracic region of the spinal cord and is primarily made of preganglionic sympathetic 

neurons. The white matter is divided into three areas (funiculi), the posterior (dorsal), 

lateral, and anterior (ventral) funiculi. Each of the funiculi contain heavily myelinated 

nerve fiber bundles that travel together and serve the same function.[16] These bundles 

are referred to as fasciculi and the dorsal funiculus is divided into two main fasciculi 

named gracilis and cutaneous. The nerve fibers within the dorsal funiculi are ascending 

and contain sensory information relating to proprioception and discriminative touch.[16] 

Specifically nerve axons that are added before the sixth thoracic level (lower limb) are 

added to the gracilis fasciculus and those that are added after the sixth thoracic level 

(upper limb) are added to the cutaneous fasciculus.  Ascending fascicles in the ventral 

funiculi are associated with light touch and those in the lateral funiculi are associated 

with pain and temperature discrimination.[18]   
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2.1.2 Anatomy of the Motor Cortex 

 

The primary motor cortex (M1) is the primary source for efferent motor commands to 

produce voluntary movement. M1 is located just anterior to the central sulcus and sends 

projections to the spinal cord from mainly corticospinal (CST) neurons embedded in 

laver V. There exist two types of CST neurons, the first terminating onto interneurons in 

the intermediate zone of the spinal cord. The second terminate onto motoneurons in the 

ventral horn of the spinal cord and are termed corticomotoneuronal (CM).[19] Through 

studies of rhesus monkeys the CM have been found only in the caudal region of M1 

meaning a certain area of M1 has direct control over motor output.[20] Additionally, 

studies that observe the effects of local lesions have created motor maps of M1 and have 

observed an orderly arrangement of body parts from foot (medial) to hands and face 

(lateral).[21] However, the somatotopic map is not clearly defined as a collection of 

separate areas for each muscle.[22] Rather the muscle representations are broadly 

distributed within M1 and a single muscle can have multiple representations within the 

cortex, and can even overlap with other muscles.[21,22] When these multiple 

representations are averaged a clear medial to lateral organization of the proximal to 

distal muscles is seen.[22,23]  

 

2.1.3 Anatomy of the Thalamus 

 

The thalamus makes up the dorsal portion of the diencephalon and is a crucial link 

between the sensory afferent pathway and the somatosensory cortex (SI). The thalamus is 

divided into four areas named; anterior, medial, ventrolateral and posterior.[22,24] 
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Specifically three main nuclei within the posterior nuclei have been labeled as important 

in relaying sensory information; the ventroposterior nucleus (VP), ventroposterior 

inferior nucleus (VPI) and the ventroposterior superior nucleus (VPS).[25] The VP 

nucleus can be divided into two areas, the VP medial (VPM) and the VP lateral (VPL). 

The VPM is responsible for afferent projections from the face and the VPL is responsible 

for afferent projections from the upper and lower limbs.[18] While the VPI responds to 

cutaneous and painful stimuli[26] and the VPS responds to proprioceptive information 

from muscle spindles.[3,27,28] All areas of the thalamus relay information to the 

somatosensory cortex but is regulated by the thalamic reticular nucleus (TRN). 

Depending on the type of information coming and from where the TRN acts like a sieve 

and controls the messages that reach the cortex. The TRN recognizes inputs from the 

thalamus as either first order (cells in thalamus that receive input form ascending afferent 

fibers) or higher order (cells in the thalamus that receive input from the cortex). In the 

somatosensory system both orders are received by the same TRN cells when relay the 

first order information to the anterior area of the SI while higher order information is 

relayed to the lateral area of SI.[29]  

 

2.1.4 Anatomy of the Somatosensory Cortex 

 

The somatosensory cortex (SI) is located just posterior to the central sulcus and is 

comprised of 4 areas named Brodmann areas 3b, 3a, 2, and 1. Each area pertains to a 

different sensory representation of the body.[30] Brodmann area 3b is important in 

integrating cutaneous information as this area responds best to cutaneous stimuli. Area 3b 

is also found to be the most densely myelinated Brodmann area.[31] Area 3a receives 
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projections from VPS in the thalamus[31,32] regarding muscle spindle afferent 

information,[31] as well as information from area 3b regarding cutaneous 

information.[33-35] Area 1 receives a modulating input from VP as well as an excitatory 

input from area 3b[34,35] regarding cutaneous information.[35-37] Area 2 combines both 

tactile information from areas 1 and 3b[33,35,36] and proprioceptive sensory information 

from VPS in the thalamus[38] to mediate tactile information of objects.[17] Each area has 

a unique somatotopic map of the body with area 3b representing the classic map of 

SI.[17,39-41] Somatotopic organization begins at the level of the spinal cord as afferents 

are added in a medial to lateral fashion as you ascend the spinal cord.[17] Brain imaging 

of anterior parietal cortex during sensory driven activation from contralateral body 

regions show a medial to lateral somatotopy from foot-hand-face.[42] The cortical 

magnification factor for a particular body part within the sensory cortex is determined by 

its relative importance in our sensory perception.[17] 

 

2.2 Afferent Stimulation 

 

2.2.1 Transmission of Afferent Input to SI (SNAPs) 

  

Within the skin four cutaneous mechanoreceptors are responsible for responding to an 

external stimulus. These cutaneous mechanoreceptors belong to two groups, the first are 

classified as rapidly adapting and the second are classified as slow adapting. Rapidly 

adapting receptors only respond to rapid indentation of the skin and include Merkel cells, 

and Pacinian afferents. Slowly adapting receptors respond to a sustained skin deformation 

and include Ruffini endings and Meissner corpuscles.[42] When a tactile stimulus 
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activates these mechanoreceptors action potentials in somatosensory afferent fibers are 

transmitted along the axons and collect at the dorsal root ganglion just prior to entering 

the spinal cord.[17,42] The amount of activation of peripheral nerves can be quantified 

by placing surface electrodes overtop of the nerve stimulated at a proximal location to the 

stimulation site. These recordings are known as sensory nerve action potentials (SNAPs) 

and increases in the amplitude reflect increases in the fibers recruited. If a mixed nerve 

(i.e., median nerve) is stimulated the recording from this nerve is likely to be a mix of 

afferent fibers and antidromic recruitment of efferent fibers. The axons recruited travel 

into the spinal cord via the dorsal horn and either synapse in the grey matter to form local 

circuits, or ascend via dorsal columns, specifically, the cuneate fascicle, to the cuneate 

nucleus located at the medulla. These local circuits within the grey matter form reflex 

loops, while the ascending pathways refer the afferent information to the cortex. At the 

medulla information travels through the sensory decussation to the contralateral side of 

the brain and continues through the medial lemniscuses to synapse with the VP nucleus 

within the thalamus.[17,42] The VP nucleus projects laterally to SI synapsing with spiny 

stellate neurons in layers IV and VI which then project to the apical dendrites of the 

pyramidal neurons in layer III.[22,23] 

 

2.2.2 Somatosensory Evoked Potentials 

  

Somatosensory evoked potentials (SEPs) are measurements of cortical activity in 

response to a somatosensory cue, typically from electrical nerve stimulation.[43] 

Measurements are made by placing electroencephalography (EEG) electrodes over 

various parts of the brain based on the 10-20-measurement system.[43] The resulting 
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waveform has many positive (P) and negative (N) inflections at different latency’s, which 

pertain to different parts of the ascending sensory tract. When stimulating the median 

nerve at the wrist, an N10 inflection represents the afferent path travelling through the 

brachial plexus, and the N12/13 represent the pre-synaptic spinal afferent volley and 

lower medullary activity.[44] The sensory information reaching SI causes a synaptic 

excitation of the pyramidal neurons generating an excitatory post-synaptic potential 

(EPSP), which travels to other pyramidal neurons in the cortex.[24] This is characterized 

by a negative inflection at latency of 20ms and is referred to as N20.[44] The latency of 

the N20 is dependent on the participant’s age, sex and body size. As a child grows the 

latency of the N20 increases and begins to plateau at around 17 years of age. From 18-94 

years of age the latency continues to grow but at a slower rate, and males on average have 

a longer latency when compared to females.[44] When active EEG electrodes are placed 

over C3, P3 and Cz, based on the 10-20-measurement system, N20’s are most 

consistent.[45] SEP amplitudes grow in response to greater nerve stimulation intensities, 

greater afferent drive, as shown by an increase to the N20 component[20]. However, this 

increase is sigmoid and plateaus at a stimulus intensity equal to 50% of the maximum 

afferent volley.[46] 

 

2.2.3 Paired-Pulse Somatosensory Evoked Potentials 

 

Paired-pulse SEP’s have been used widely in previously literature to explore the 

excitability of SI. By electrically stimulating a peripheral nerve twice in close succession 

two responses are evoked in SI. The second stimulus is significantly suppressed when the 

two responses are separated by short ISI’s, approximately 30 ms, and approaches baseline 
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at longer ISI’s, ~200 ms.[20,47] The degree suppression in the second stimulation 

depends on the interstimulus intervals between the two stimulations, as well as the 

intensity of the first stimulation.[20,47] The N20 component and the N20-P25 component 

of the second SEP have been shown to decrease (i.e., more inhibition), with an increase 

in nerve stimulation intensity. However the N20-P25 component is affected to a greater 

extent than the N20. This could be because the N20 is generated by Brodmann area 3b 

and receives heavy projection from VPL nucleus of the thalamus where the N20-P25 is 

likely generated by Brodmann area 1 which is weakly innervated by small diameter fibers 

from the thalamus, and is heavily connected with Brodmann area 3b. [20,48] The exact 

mechanism to which paired pulse suppression happens are not fully understood though 

animal studies provide evidence to suggest a suppression in the thalamocortical[49] and 

intracortical synapses[50] as well as a thalamic afferents activating a feed forward 

inhibition driven by GABAergic interneurons.[51]  

 

2.2.4 SI-M1 Connectivity  

 

Somatosensory cortex has widespread connections to several other cortical areas. Studies 

performed in monkeys examined the effects of SI lesions on other cortical areas.[52,53] 

After a lesion was applied to majority of the somatosensory cortex degeneration was 

observed in four other cortical areas, precentral gyrus, fronto-parietal operculum, superior 

parietal lobule and the marginal gyrus on the medial surface of the hemisphere. The area 

of degeneration in the precentral gyrus conforms closely to the motor cortex (Area 4) but 

does not extent to the premotor area or supplementary motor area (Area 6).[52] When the 

lesion to SI is limited to certain areas patterns of degeneration are seen. When lesions 
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area applied to the SI representations for hind limbs and forelimbs degeneration is seen in 

the same representations within M1.[52] However when the SI representation for the 

trunk is lesioned the degeneration of neurons in M1 is not only in the trunk area but also 

extend towards the head and tail areas. In addition when lesions are applied to specific 

Brodmann areas within SI degeneration travels to the other areas within SI as well. A 

lesion in area 3b travels to areas 3a, 1, 2, 5 and 4; this is consistent for all areas of 

SI.[52,53] However, a study by Vogt and Pandya (1978), used specific small lesions and 

found no direct projections from area 3b to area 4. Instead they found dense connections 

to area 1. From area 1 they found dense connections to area 4. This suggests that lesions 

to area 3b affect area 4 through the intermediate area 1.[48] In addition, the only evidence 

for degeneration to SI from other areas in the brain come from lesions to M1.[52] It is 

clear that there are extensive interconnections between SI and M1, extensive enough to 

cause atrophy if either of their input is diminished.[52] The interconnectivity between 

these two areas is thought to be responsible for learning new tasks. When monkeys are 

learning a novel task and SI is lesioned prior to training the task is not learned, but when 

SI is lesioned after training the task is learned.[54]  

 

2.3 Transcranial Magnetic Stimulation 

 
2.3.1 Introduction 

 

Transcranial Magnetic Stimulation (TMS) is a non-invasive approach to investigate the 

neurophysiology of the central and peripheral nervous system in humans[55]. TMS is 

based on the principal of electromagnetic induction of a current in the brain with the 

ability to excite neurons.  
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Fig 1. Illustration of the induced current within the brain caused by TMS. 
             Modified from; Hallett et al., 2007 
 
 
 
The magnetic field can reach 2 Tesla and lasts for around 100 microseconds.[56] 

According to Faraday’s law the intensity of the magnetic field induced from TMS is 

proportional to the rate of change of current within the coil.[57] Understanding the effect 

TMS has on the brain has mainly come from activating the motor cortex in comparison to 

transcranial electrical stimulation (TES). Following stimulation of the motor cortex with 

TES, regardless of intensity, recordings of the corticospinal tract show an initial direct 

wave (D-Wave) followed by several indirect waves (I-waves) separated by ~1.5ms 

each.[56] These correlate to direct activation of the corticospinal neurons in motor cortex 

and a transsynaptic activation of the corticospinal neurons through interneurons, 

respectively.[30] In comparison TMS preferentially recruits I-waves at lower intensities, 

and D-waves at high intensities or lateral-medial coil orientation.[30,55] The affinity 

TMS shows toward generation of I-waves suggests an activation of superficial pyramidal 

!
!
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interneurons, which have excitatory synapses with corticospinal neurons.[30,55] The 

volleys travel down the spinal cord and summate at the spinal alpha motor neurons as an 

excitatory post synaptic potential (EPSP). If this EPSP is sufficient to depolarize the 

spinal motoneuron pool an action potential is generated to cause a motor response in the 

represented muscle.[58] These responses may be measured by surface electromyography 

(EMG) and can be used as a measure to assess nervous propagation and 

cortical/corticospinal excitability.[59,60]  

 

2.3.2 Motor Evoked Potentials 

 

Motor evoked potentials (MEPs) are the resulting muscle responses to a TMS pulse that 

is sufficient in intensity to depolarize the spinal motoneuron pool.[58] Muscles of the 

upper limb are significantly more accessible to TMS because they are superficial under 

the scalp where they lower limb is buried in the interhemispheric fissure.[55] The cortical 

projections to muscles reflects the complexity of movement those muscles are involved 

in.[61] Also distal muscles tend to have larger MEPs than proximal muscles, meaning 

they are more excitable by TMS. This could be because of increased cortical projections 

due to dexterity needed in the muscles of the hand for example, but could also be because 

of a disynaptic pathway to these muscles.[61] Flexor carpi radialis (FCR) is the muscle to 

be investigated in this thesis. MEPs are recorded in FCR using surface EMG electrodes in 

response to TMS. Since focality of surface electrodes is not fine enough to distinguish 

FCR from other muscles of the forearm MEP traces can be polyphasic, and if placed in 

belly-belly MEPs are quite small due to the differential amplifier subtracting two traces. 

If electrodes are placed in a belly-tendon fashion the differential amplifier only sees one 
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MEP and does not subtract anything from it, resulting in a larger more biphasic 

waveform. However since polyphasic responses still exist calculation of the area under 

the curve rather than peak-to-peak amplitude to quantify the muscle response must be 

used. The MEP size is a reflection of the excitability at both the cortical and spinal level.  

 

2.3.3 Motor Threshold 

 

Motor threshold (MT) is measure of corticospinal excitability, the faster a muscle 

responds to TMS and the larger the response the more excitable that muscle is.[62] 

Muscle responses across participants occur at different TMS intensities and the threshold 

for muscle responses is therefore different among individuals. It is important to therefore 

have a method to standardize the TMS intensity used in participants. MT allows the 

stimulator to be set at an intensity that is relative to participant’s sensitivity to TMS. MT 

can be calculated in both the active and resting state. Resting motor threshold (RMT) is 

defined as the minimum stimulator intensity needed to elicit a motor response of 50 

microvolts in at least 5 out of 10 trials.[63] Active motor threshold (AMT) is defined as 

the minimum stimulator intensity needed to elicit a motor response of 200 microvolts in 

at least 5 out of 10 trials, while participants hold a slight tonic contraction of the target 

muscle.[63,64] AMT is generally lower than RMT because corticospinal axons and tracts 

are already being pre-activated and are more sensitive to the TMS pulse.[62] 

Pharmacological evidence suggests that RMT indicates the membrane threshold[65] 

where AMT indicates the number of axons that are close to firing threshold.[62] Much 

care is needed when determining a participants MT because other stimulator intensities 

such as conditioning pulses and test stimuli are determined from this.  
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2.3.4 Recruitment Curve 

 

As TMS intensity increases a stronger induced current is created within the brain. This 

stronger current is concurrent with a larger muscle response. However, once a certain 

intensity level is reached the muscle response no longer grows. A measurement that 

exhibits the growth of a muscle response as a function of TMS intensity is called a 

recruitment curve. Recruitment curves give investigators an indication of where the 

motor threshold lies, at which intensities MEPs are sensitive to change, and at which 

intensity MEPs no longer change. The mechanism in which increased excitability occurs 

is not fully understood but may be due to recruitment of neurons outside of the core 

neurons recruited at threshold. These additional neurons either have a higher threshold or 

are physically farther away from the stimulus.[56] 

 

2.3.5 Short-latency afferent inhibition 

 

A peripheral nerve stimulus followed by a suprathreshold TMS pulse to the motor cortex 

at roughly 18-21ms results in a suppression of the MEP in the first dorsal interosseous 

muscle (FDI).[1,66] Similarly, if the interstimulus interval between the nerve stimulation 

and TMS pulse is between 100-200ms, MEPs are suppressed.[66,67]  
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Fig 2 Illustration of the a) conditioning-test stimulus protocol and the 
b) resulting motor evoked potentials. 
Modified from; Hallett et al., 2007&Tokimura et al., 2000 
 

This phenomenon is known as short-latency afferent inhibition (SAI) and the interval 

between the stimuli are dependent on the latency of the afferent volley from the nerve 

stimulation to the somatosensory cortex (N20). The afferent volley can be elicited from 

stimulation of a cutaneous nerve or a mixed nerve.[1,68,69] SAI is modulated by cortical 

mechanisms since descending I-waves are decreased in amplitude after SAI and TES, 

which stimulates the corticospinal output neurons directly does not evoke SAI.[1,67] The 

exact mechanism to which SAI functions is debated, and is not known if afferent volleys 

travel through SI to M1 or if a direct synapse with M1 exists.[70] SAI is known to 

proceed through both muscarinic and GABAergic systems. Pharmacological studies show 

scopolamine, an anticholinergic drug, reduces SAI and increasing acetylcholine in 

Alzheimer’s patients using rivastigmine increases SAI.[71,72] Diazepam, a GABAA 

modulator, increases SAI.[73] SAI is affected by nerve intensity, and the depth of SAI 

increases as nerve intensity increases. This is due to a greater afferent volley to the 

cortex, resulting in a greater inhibitory effect.[26] Nerve selection can have an effect on 

the SAI seen in a given muscle. In forearm muscles median nerve and ulnar nerve 
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stimulation show SAI on the reciprocal muscles, extensor carpi radialis and FCR 

respectively.[74] Hand dominance also has an effect on SAI, as in the dominant hand SAI 

is more pronounced.[75] SAI is thought to play an important role in cutaneomuscular 

reflexes in a contracting muscle by providing the early and late inhibitory effect, thus an 

important neural circuit in sensorimotor integration.[1] 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 3. Illustration as to how afferent input facilitates the either A) thalamus or B) 
somatosensory cortex, which would both increase excite GABA cells. These GABA cells 
then have a greater inhibitory effect on the P2,3 and 5 interneurons, decreasing late I-
waves and muscle response.  
Modified from; Di Lazzaro et al., 2012. 
 

 

2.4 Changes after Spinal Cord Injury 

 

2.4.1 Spinal Cord Injury 

 

Many different mechanisms of traumatic injury exist in which the spinal cord can be 

damaged resulting in variable amounts of functional loss. Three main types of incomplete 

SI!

A! B!
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injury exist and each one effect different regions of the spinal cord causing distinct 

functional loss.[76] Anterior spinal cord syndrome is a common occurrence as a result of 

a hyperflexion injury and is associated with weakness and a loss of perception towards 

pain and temperature.[76] Central spinal cord syndrome is often a result of a 

hyperextension mechanism and is associated with weakness, loss of pain and temperature 

perception as well as a loss of touch discrimination and proprioception.[76] Brown-

Sequard syndrome usually is caused by a stab wound is can be characterized by 

ipsilateral weakness, contralateral loss of pain and temperature sensation as well as 

ipsilateral loss of touch discrimination and proprioception.[76] Finally a complete spinal 

cord injury can be a result from a crush injury or a transection where the spinal cord is 

completely severed. A complete spinal cord injury results in a complete loss in both 

sensory and motor function below the level of injury. Following a spinal cord injury 

diagnostic imaging via magnetic resonance imaging (MRI) is performed to label the level 

of injury and the amount of physical damage can be quantified.[77] Functional 

decrements following spinal cord injury are most often assessed using the American 

Spinal Injury Association (ASIA) Impairment Scale. This is a comprehensive exam to 

determine the amount of sensory and motor loss that has occurred. All twenty-eight 

dermatomes are evaluated to determine the sensory loss and isometric strength tests are 

performed on twenty muscles to determine motor loss. The third portion of the exam is 

reflex testing in both upper and lower extremities. The final examination is to test 

whether the participant has voluntary control over the anal sphincter. This is an important 

step in patients who have a severe injury because any voluntary control over the sphincter 

means the injury is incomplete. After both diagnostic imagining and ASIA assessments 

are performed patients injury level as well as severity of injury will be known.[78] 
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2.4.2 Cortical Plasticity Following Damage to Central Nervous System 

 

An alteration to the inputs and outputs of the cortex can lead to plasticity or cortical 

reorganization[79]. An increase or decrease in the use of a particular limb or muscle will 

result in a plastic change within the cortex that translates to a selective allocation of area 

to represent this limb or muscle.[79,80] Following a spinal cord injury a loss of motor 

and sensory function below the level of injury is seen.[11,13] This decrease in function 

leads to an organizational change within the somatosensory cortex and the motor cortex.  

Specifically, within SI areas responsible for receiving input from sensory deprived areas 

are taken over by surrounding areas where sensory input is still intact.[11,12] 

Topographical reorganization is not as drastic within M1 and an increase in activation is 

seen when performing movements.[11,13] Since projections between SI and M1 are 

extensive and are topically organized, plasticity within these areas can have an effect on 

cortical mechanisms such as SAI and LAI.  

 

2.4.3 How can Afferent Input Change following SCI? 

 

Afferent information and how it is processed changes after a spinal cord injury. 

Compound motor action potentials (CMAP) and sensory nerve action potentials (SNAP) 

from nerve conduction studies are decreased in amplitude at the level of injury 

immediately following injury, but are not changed above and below the level of injury 

(Spinal Cord Medicine). The function of spinal inhibitory circuits decrease after a spinal 

cord injury.[81] H-Reflexes, an indirect method of measuring spinal inhibitory circuits, 
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decrease following SCI.[82,83] As a result afferent volley’s to the cortex are decreased in 

amplitude and increased in latency.[9] 

 

2.4.4 How can Motor Evoked Potentials Change following SCI? 

 

Descending efferent pathways are damaged in those who have a spinal cord injury. In an 

incomplete spinal cord injury the degree of connectivity differs muscle to muscle and 

voluntary control may be absent in some muscles. This does not mean connectivity from 

the cortex is absent.[10] When determining motor evoked potentials by use of TMS we 

see responses are smaller and delayed when compared to uninjured controls.[10,11,84] It 

is possible however to illicit a motor twitch from muscles with no volitional control.[10] 

This uncovers the ability for TMS to determine muscles that are candidates for functional 

recovery. 

 

2.4.5 How can Motor Threshold Change following SCI? 

 

Active motor threshold after spinal cord injury can be altered. AMT is increased 

following an SCI. RMT is also higher in spinal cord injury when compared to uninjured 

controls.[11] The degree of spinal atrophy is positively correlated with motor thresholds 

as spinal cord atrophy increases motor thresholds increase. Concluding efferent pathway 

continuity might be the reason for the change in active motor threshold.[84] However, 

one case study was performed on a single participant and a lower RMT was found. The 

authors reasoned lower RMT is a result of a reduction in the inhibitory function of the 

motor cortex.[85]  
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2.4.6 How can Afferent Regulation (SAI) Change following SCI? 

 

The depth of short latency afferent inhibition is correlated with the intensity of the 

afferent stimulus.[26] A decrease in afferent input would serve to reduce the amount of 

SAI. After spinal cord injury the amount of afferent volleys able to make it to the cortex 

is reduced, as shown by a decrease in latency and amplitude of SEP’s.[9] SAI has been 

shown to decrease in those who have an SCI for a given nerve intensity.[86] This may 

occur due to less afferent volleys traveling to the cortex as degree of disinhibition was 

related to severity of injury.[9,26,86] Another explanation could be due to the reduction 

of spinal inhibition that occurs after spinal cord injury.[81,86] 
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Chapter 3: Experiment 1 
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3.1 Introduction 

Neuroplasticity in sensorimotor cortex follows spinal cord injury (SCI) and reflects the 

location and extent of damage in ascending and descending pathways.  In humans, the 

integrity of sensorimotor cortical paths may be assessed via short-latency afferent 

inhibition (SAI) whereby the afferent volley elicited by peripheral nerve stimulation 

reduces the amplitude of the motor evoked potential (MEP) elicited by Transcranial 

magnetic stimulation (TMS) over the primary motor cortex (M1) [29,67].  SAI is 

considered a cortically generated circuit evoked by the arrival of the peripheral afferent 

volley in the cortex and is mediated via neuronal circuitry within M1 [29].  

 

The magnitude of SAI depends on the integrity of afferent transmission and the activity 

within the cortical circuitry that mediates SAI.  If, in SCI, the afferent volley arriving at 

the cortex is reduced due to damage to the ascending pathway, a reduction in SAI is 

expected as the depth of SAI decreases with lower nerve stimulation intensities [26]. 

Additionally, substantial plastic changes may occur after an SCI in either M1 or SI. 

Within M1 the cortical areas responsible for controlling the muscles below the level of 

injury decrease in size and the muscles above the level of injury increase in size [87]. 

Decreasing the neurons responsible for controlling muscles below the level of injury may 

decrease the ability for an afferent stimulus to condition those neurons and elicit SAI. 

Following upper limb deafferentation somatosensory and thalamic areas atrophy in 
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primates [88] and may decrease extensive projections from SI to M1[52,53] , thus 

decreasing SAI.  One study in chronic SCI demonstrated a reduction in SAI in the 

contracted tibialis anterior muscle [86], although the mechanism(s) for this effect remain 

unclear.  At present, there are several unstudied questions regarding SAI in SCI that 

include whether abnormalities exist in upper limb muscles, whether they occur when the 

muscle is in the relaxed, non-contracted state, and whether the magnitude of SAI is 

different in SCI versus uninjured controls.  

 

Determining whether SAI is reduced in SCI compared to controls is important since SAI 

is a sensorimotor circuit that is implicated in movement and plays an important role in the 

concept of surround inhibition [3,27,28]. Further, reductions in SAI in other clinical 

populations have been implicated in sensory driven long-term potentiation to motor 

cortex, which may promote motor learning and recovery [7]. In the present study, SAI 

was examined in the flexor carpi radialis (FCR) muscle in chronic cervical SCI and 

uninjured controls in both the non-contracted and contracted muscle states.  In uninjured 

controls, SAI is observed in the FCR muscle when the interval between the nerve and 

cortical stimulation is between 13-20 ms [74].  Relative to other muscles of the upper 

limb, FCR function is often partially retained [10] after SCI which offers the opportunity 

to study its afferent regulation in both the contracted and non-contracted states.  Further, 

we explored whether alterations in the SAI circuit would be due to changes in the 

transmission through afferent pathways by measuring the amplitude of sensory nerve 

action potentials (SNAPs) and somatosensory evoked potentials (SEPs) and transmission 

of efferent pathways through MEPs. We hypothesized that, MEPs will be reduced due to 

damage in the efferent fibers, SAI will be reduced due to reduced afferents arriving in the 



!

M.Sc.!Thesis!–!A.!Bailey;!McMaster!University!–!Thesis!!
!

24!
cortex and SEPs will be altered due to reduced afferents arriving in the cortex. Our data 

indicate that SAI is indeed reduced in SCI compared to uninjured controls in the 

contracted and non-contracted muscle.  However, our data suggest reduced afferents may 

contribute to reduced SAI but we cannot discern any further contributions from 

neuroplasticity within SI and/or M1.  

 

3.2 Methods 

Participants 

Thirteen limbs from eight adults with cervical spinal cord injury were studied (7 males; 

mean age = 30.8 +/- 2.4, Asia B-D).  Table 1 provides demographic, lesion and medicinal 

information for all SCI participants.  All SCI participants were capable of performing 

volitional wrist flexion in the limbs tested.  One participant, P003, dropped out due to 

medical reasons and was not able to finish the study.  Therefore, twelve limbs from seven 

adults with SCI (6 males; mean age = 30.7 +/- 2.6, Asia B-D) were included in our 

results.  Twelve dominant limbs from aged-matched uninjured participants were studied 

for comparison (8 males; mean age = 29.15 +/- 5.33).  The Hamilton Integrated Research 

Ethics Board approved the study.  All participants provided written consent prior to 

participation.  Where applicable SCI subjects were tested bilaterally, and limbs were 

treated as separate individuals as performed elsewhere [86,89].  

 

Electromyography (EMG) Recordings 

EMG was collected from the FCR using 9 mm diameter Ag-AgCl surface electrodes in a 

belly-tendon fashion.  Manual palpation was performed during contraction and rest in all 

participants to locate the muscle belly.  The active electrode was placed on average 3 cm 
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distal and 2 cm lateral to the medial epicondyle.  The reference electrode was placed over 

the tendons of the wrist and the ground electrode was placed over the medial styloid 

process of the wrist.  EMG signals were amplified at a gain of 1000, band pass filtered 

with a high pass of 20Hz and low pass of 25000Hz and collected (CED 1401) for offline 

analysis (Signal v5).   

 

Transcranial magnetic stimulation and NeuroNavigation 

TMS was performed using a 50 mm inner diameter figure-of-eight branding coil 

connected to a Magstim 2002 stimulator.  Motor hotspot for FCR was determined as the 

location providing the most reproducible and largest MEP in the FCR muscle.  The coil 

was positioned 45 degrees to the mid-sagittal line to induce current in a posterior to 

anterior direction.  Resting motor threshold (RMT) was determined at this location and 

was defined as the lowest stimulator intensity required to elicit MEPs ≥ 50µV in 5 out of 

10 consecutive trials.  Active motor threshold (AMT) was defined as the lowest 

stimulator intensity required to elicit MEPs of distinguishable from background 

contraction levels as determined by visual inspection in 5 out of 10 trials.  Brainsight 

Neuronavigation was used to target and track the location of these motor hotspots. 

 

Corticospinal output 

MEP recruitment curves were obtained in the active and resting FCR by stimulating the 

FCR hotspot at TMS intensities as a percentage of maximum stimulator output (MSO).  

The initial TMS intensity was set to 10% MSO and increased in increments of 10% every 

three stimulations.  The MEP at each MSO was determined as the average of the three 

stimulations.  MEPhalfmax was identified from the recruitment curve as the stimulation 
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intensity where half of the maximal response was recorded.  This intensity was further 

refined and confirmed through ten subsequent trials. 

 

Short-latency afferent inhibition (SAI) 

The median nerve at the elbow was stimulated just lateral and proximal to the medial 

epicondyle, slightly medial to the medial edge of bicep.  The median nerve was 

stimulated at 1.2 x motor threshold (for twitch in FCR) using a bar electrode with the 

cathode proximal (0.2 ms square wave pulse, SD9 stimulator, Grass Technologies).  TMS 

was delivered over the FCR hotspot at an intensity to evoke MEPhalfmax in the active or 

resting FCR.  This intensity was adjusted online to maintain a half-max response in the 

active or resting FCR.  To test SAI of FCR, the median nerve was stimulated at three 

interstimulus intervals in advance of the TMS pulse: 15, 20, 25 ms.  These ISIs 

approximate the arrival of the afferent volley in somatosensory cortex at ~ 15 – 18 ms 

following median nerve stimulation at the elbow [74] and account for additional delays 

due to traumatic injury to the ascending pathways.  SAI was tested in each limb while the 

FCR was relaxed (i.e. rest) or actively contracted to ~ 20% MVC (active).  Each ISI was 

repeated 10 times and ‘TMS only’ was repeated 20 times.   

 

To assess the background EMG during afferent regulation measured at rest, the pre-

stimulus (38 ms) area of the rectified EMG was measured for each epoch.  This value 

was averaged for each ISI and TMS only trials.  To assess the background EMG during 

afferent regulation measured in active FCR, the pre-stimulus (38 ms) area of the rectified 

EMG was measured for each epoch and normalized to a 38 ms window of the 

individual’s maximum voluntary contraction.  To determine the maximum voluntary 
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contraction for FCR participants were asked to maximally contract the forearm during 

wrist flexion.  Three trials (each 3 s) were performed and separated ~20 s, to allow  

EMG to fall back to baseline while allowing participants to reach maximum EMG 

responses in each subsequent trial as confirmed statistically (two-way ANOVA with 

factor trial (first, second, third) and group (SCI, group) indicate all p-values > 0.05).   

MVC was marked on an oscilloscope and was used to calculate 20% MVC to which a 

bright line was displayed.  During afferent regulation in active FCR (which required 20% 

MVC), the EMG from FCR was displayed as bright line on the oscilloscope and 

participants would match the position of the FCR EMG line to the experimenter-defined 

20% MVC target line.   

 

Somatosensory evoked potentials and sensory nerve action potentials 

SEPs were acquired at C3’ and referenced to Fz.  The ground electrode was placed over 

the clavicle.  SEPs were evoked through MN stimulation at the elbow just lateral and 

proximal to the medial epicondyle, slightly medial to the medial edge of bicep.  The 

median nerve was stimulated at 1.2 x motor threshold (for twitch in FCR) using a bar 

electrode with the cathode proximal (0.2 ms square wave pulse, DS7AH, Digitimer).   

and were averaged over 500 sweeps. Sensory nerve action potentials (SNAPs) were 

evoked by stimulation of the median nerve at the wrist and recorded using surface 

electrodes placed at the elbow with one located above the medial epicondyle and the 

other just below the bicipital groove. Both EEG and SNAP signals were amplified at a 

gain of 10000, band pass filtered with a high pass of 2Hz and a low pass of 25000Hz and 

collected (CED 1401) for offline analysis of the amplitude (N20-P25, SNAP) and latency 

(Signal v5). Since median nerve is stimulated at the elbow the latency of the N20 is 
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expected to fall around 15 ms as observed elsewhere [74].  Where applicable SEPs were 

collected bilaterally.  

Data Analysis 

All data was collected and stored for offline analysis using Signal v5 (Cambridge 

Electronic Design, UK).  The area of the rectified MEP was measured.  Afferent 

regulation was expressed as the ratio of the conditioned to unconditioned MEP (i.e. 

MEPnerve-TMS/MEPTMS).  AMT and RMT were subject to unpaired one-tailed t-tests to test 

the hypotheses that each threshold measure would be greater in SCI compared to controls 

as observed elsewhere [90].  For MEP recruitment curves, a two-way ANOVA was 

performed with INTENSITY as the within-subject factor (10 levels; 10%-100%) and 

between-subject factor GROUP (2 levels; SCI, uninjured).  For SAI, normalized MEP 

area (MEPnerve-TMS/MEPTMS) was subjected to a two-way ANOVA performed using 

within-subject factor ISI (3 levels; Test, 15, 20, 25) and between-subject factor GROUP 

(2 levels; SCI, uninjured).  Background EMG was subject to two-way ANOVAs with 

either ISI (4 levels; Test, 15, 20, 25) or INTENSITY (10 levels; 10, 20, 30, 40, 50, 60, 70, 

80, 90, 100) as the within-subject factor and between-subject factor GROUP (2 levels; 

SCI, uninjured).  SEP latency and amplitudes were subject to two-way ANOVAs with 

STATE (2 levels; active, rest) as the within-subject factor and GROUP (2 levels; SCI, 

uninjured) as the between-subject factor.  Group averaged SNAP amplitude was subject 

to unpaired two-tailed t-test. Post-hoc Tukey’s tests were conducted following significant 

ANOVA effects.  Significance was set at p < 0.05 and if the assumptions of sphericity 

were not met, Greenhouse-Geisser corrections were used. 
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3.3 Results 

Twelve limbs from seven adults with cervical SCI were studied and reliable, robust 

MEPs were obtainable in FCR during active contraction.  However, only 9 limbs 

provided reliable, robust MEPs in FCR during rest and subsequent analyses were 

performed only on these limbs for measures of RMT, MEP recruitment curve at rest, and 

afferent regulation at rest.  Data from all twelve limbs were included in AMT, MEP 

recruitment curve during active contraction and afferent regulation during active 

contraction. 

 

Threshold & corticospinal output 

Group-averaged RMT and AMT are shown in Figure 4A and B.  RMT was not different 

between groups (p=0.87) and AMT was significantly higher in SCI (p=0.002).   

 

MEP recruitment curves with FCR at rest are shown in Figure 4C.  Two-way ANOVA 

revealed a significant effect of INTENSITY (F(1.29,25.51)=17.70; p<0.001) and no GROUP 

(F(1,19)=1.85; p=0.189) or GROUP*INTENSITY interaction (F(1.29,25.51)=2.085; p=0.16).  

Background EMG was not different between groups (F(1.085,18.44)=1.849; p=0.19).   

 

MEP recruitment curves with FCR contracted to ~20% MVC are shown in Figure 4D. 

Two-way ANOVA revealed significant effects of INTENSITY (F(1.93,42.38)=67.42; 

p<0.001), GROUP (F(1,22)=32.82; p<0.001) and GROUP*INTENSITY (F(1.93,42.38)=23.91; 

p<0.001).  MEPs were greater from 40 to 100% MSO in controls compared to SCI 

(Tukey’s, p<0.05) while background EMG was not different between groups 

(F(3.056,58.07)=0.98; p=0.41).   
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SAI in FCR  

a) Non-contracted, relaxed FCR 

Figure 5A displays the group-averaged SAI data in resting FCR for SCI and controls. 

Values below the horizontal line indicate afferent inhibition of the MEP.  Two-way 

ANOVA revealed a significant ISI*GROUP interaction (F(2,32)=4.31; p=0.022) with no 

ISI (F(2,32)=2.96; p=0.066) or GROUP (F(1,16)=0.607; p=0.447) effects.  SAI was 

significantly reduced for SCI versus controls (Tukey’s, p<0.05) at the 15 ms ISI that 

corresponds to SAI for stimulation of the median nerve at the elbow [74].  Individual 

traces of 15 ms SAI (conditioned and unconditioned MEPs) from individual participants 

are shown in Figure 5B.  Background EMG was not significantly different during SAI 

testing (GROUP (F(1,19)=0.315; p=0.581, ISI*GROUP (F(1.44,27.34)=1.11; p=0.326)).  

b) Contracted, Active FCR 

Figure 5C displays the group-averaged SAI data in active FCR for SCI and controls. 

Two-way ANOVA revealed a significant ISI*GROUP interaction (F(1.54,35.43)=6.35; 

p=0.008) and no ISI (F(1.54,35,43)=0.48; p=0.573) or GROUP (F(1,23)=3.27; p=0.083) 

effects.  SAI was significantly reduced in SCI versus controls at 15, 20 and 25 ms ISI 

(Tukey’s, p<0.05).  Traces of 15 ms SAI from individual participants are plotted in 

Figure 5D.  Background EMG was not significantly different during SAI testing 

(GROUP  (F(1,17)=2.42; p=0.138), ISI*GROUP (F(1.08,18.45)=3.9; p=0.061).  

 

Somatosensory evoked potentials and Sensory nerve action potentials 

Figure 6A displays the group-averaged latency in both the active and resting FCR for SCI 

and controls.  Two-way ANOVA revealed no interaction between STATE*GROUP (F(1, 

12)=0.153; p=0.702), no effect of STATE (F(1, 12)=0.646; p=0.437) and a near significant  
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GROUP effect (F(1,12)=4.009; p=0.068).  The latency observed in both the SCI and 

control groups is similar to the latency of other studies performing median nerve 

stimulation at the elbow, ~15 ms [74].  Figure 6B displays the group-averaged N20-P25 

amplitude in both the active and resting FCR for SCI and controls.  Two-way ANOVA 

revealed no interaction (F(1, 12)=0.2; p=0.662) and no main effects (STATE; F(1, 12)=1.82; 

p=0.202, GROUP; F(1,12)=0.038; p=0.849). Figure 6C displays the group-averaged SNAP 

amplitude in both groups. SNAP amplitude was significantly reduced in the SCI group 

compared to controls (unpaired two-tailed t-test, p=0.045). 

 

3.4 Discussion 

The present study revealed abnormalities in the magnitude of SAI in SCI.  Compared to 

uninjured controls, SAI is reduced in SCI in both the contracted and relaxed FCR muscle. 

In SCI, corticospinal output to FCR is different from that of controls only during active 

contraction of the muscle. Further, in our sample of participants, SEP amplitude, which 

reflects the magnitude of the cortical afferent volley arriving at the primary 

somatosensory cortex, is not different between groups and therefore activation of SI may 

not explain reduced SAI in SCI. However, measurements of the peripheral afferent volley 

(SNAPs) show reductions in our SCI group and may imply reduced afferents leading to 

alterations in SAI.  

 

Mechanisms that mediate SAI and its reduction 

The SAI circuit is very complex and the exact mechanisms that underpin its origin are 

relatively unknown. SAI is a cortically mediated circuitry modulated by the late I-wave 

generating neurons within M1 as peripheral nerve stimulation reduces the amplitude of 
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the descending I3 wave [1]. SAI can be altered through many different mechanisms. SAI 

is increased with an increase in the peripheral afferent volley [26]  and decreased with an 

increase in the amplitude of the descending efferent volley [91]. Further, any 

modifications to the cortico-cortical projection from SI to M1 may potentially modify 

SAI, and changes to the late I-wave circuitry within M1 may alter SAI strength.  

Alterations to any one of these or their combination may result in changes to the strength 

of the SAI circuitry.  In our study we observed a decrease in the peripheral afferent volley 

in our SCI group without changes in SEP amplitude. It is possible that our cohort had ~ 

50% of their afferent tracts spared since SEP amplitudes saturate at approximately 50% 

of the afferent volley maximum [46]. Further, spinal cord injury may result in 

neuroplasticity within SI [88,92] that may lead to alterations in the integrity of the 

cortico-cortical projection from SI to M1, and possible neuroplasticity to the I-wave 

circuitry within M1. Therefore, in our study we characterized the afferent volley and 

corticospinal projections, and our findings suggest that each of these may contribute to 

alterations in SAI depending on the state of the muscle.  Importantly, we should not 

exclude potential contributions from neuroplasticity that may be detected using alternate 

imaging methods.  

 

Non-contracted FCR 

With the FCR muscle relaxed, we observed similarities between SCI and controls in 

RMT, MEP recruitment curve and SEPs.  In contrast, our SCI group showed ~ 26% 

reduction in SAI compared to controls; in fact SAI was abolished in the SCI group and ~ 

43% reduction in SNAP in SCI compared to controls.  This effect occurred specifically at 

the 15 ms interstimulus interval that corresponds to the latency of the cortical arrival of 
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the afferent volley (Figure 3A).  Reduced SAI does not result from abnormalities in the 

magnitude of the afferent volley terminating in SI since the amplitude of the N20-P25 is 

within the normative range [93] and not different from our control group but may be 

explained by the reduced afferent volley in the periphery.  Further, abolished SAI does 

not result from reduced corticospinal/spinal output since the MEP recruitment curves are 

not substantially different between groups.  Therefore, the absence of SAI is likely to 

result from changes in the peripheral afferent volley, neuroplasticity altering the 

somatosensory to M1 projection (i.e. cortico-cortical) and/or the intrinsic M1 neuronal 

circuitry that mediates SAI.  

 

Contracted FCR 

With the FCR muscle voluntarily contracted, we observed several differences between 

SCI and controls. First, AMT was higher in SCI compared to controls.  This effect may 

result if active contraction excites fewer neurons and/or the capacity to reduce the 

membrane potential is compromised in the SCI group.  Increased AMT may relate to 

abnormalities in the function of voltage-gated Na+ channels [62] that regulate axon 

excitability [94].  Drugs that block voltage-gated Na+ channels increase motor threshold 

[95-98] and this may be a mechanism to explain elevated AMT in SCI. Second, 

compared to controls, MEP amplitude in SCI during active contraction was reduced from 

40 – 100% MSO, and within this range MEPs were not increased as a function of TMS 

intensity. One potential explanation for the reduction in MEP amplitude during active 

contraction may relate to alterations in the activity of the GABAA receptor.  In support of 

this suggestion the GABAA mediated SICI circuit is reduced in SCI participants during 

active contraction of the tibialis muscle [89].  Further, GABAA agonists reduce the slope 
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and amplitude of MEPs  [99-104].  Therefore, it remains unclear whether GABAA 

receptor function is increased or decreased in our SCI population.  Our MEP recruitment 

curve data, however, indicate that alterations likely exist in GABAA function in 

individuals with SCI. Further, considering that both AMT and active corticospinal output 

are reduced, individual with SCI may have abnormalities in the neural mechanisms 

required to bring upper and/or lower motor neurons closer to firing threshold through 

active contraction.    

 

During active contraction, SAI in SCI was reduced compared to controls; in fact the SCI 

group appears to show short latency afferent facilitation.  However, paired t-tests on these 

data do not show significant facilitation (15 ms: p=0.487; 20 ms: p=0.468; 25 ms: 

p=0.344). These data are consistent with SAI reductions in the tibialis anterior muscle in 

SCI seen elsewhere [86].  SAI was abolished in SCI at latencies corresponding to the 

cortical termination of the afferent volley (i.e. 15 ms) and beyond but the amplitude of 

N20-P25 was not different between groups. SNAPs were unattainable during active 

contraction because muscle activity contaminated the SNAP traces. Therefore we cannot 

comment to the integrity of the afferent volley during active contraction but can estimate 

based on data in the resting limb.  Therefore, reduced SAI during active contraction may 

be explained by reduced integrity of the ascending and/or descending pathway, 

neuroplasticity within SI [88], in the somatosensory to M1 projections and/or to the 

intrinsic motor circuitry that mediates SAI.   
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Limitations 

We did not attempt to test individuals with SCI in their non-medicated state to avoid 

spasticity and other complications.  We consider the contribution of baclofen, a GABAB 

agonist, minimal since the SAI circuitry is modulated via acetylcholine and/or GABAA 

[62,73,105,106]. Our study primarily focused on the SAI circuit and did not test short-

interval intracortical inhibition a measure of GABAA function or measures of GABAB 

function including the contralateral silent period and long-interval intracortical inhibition 

and as such cannot make conclusions based on GABAA or GABAB function. Further, 

neuroimaging techniques such as high-field functional magnetic resonance imaging may 

reveal the neuroplastic effects within either SI or M1 that may reduce SAI.  

 

3.5 Conclusions 

The data presented support the existence of neuroplasticity changes that have altered the 

cortical circuit that mediates SAI.  Further, our data suggest that, in chronic tetraplegia, 

activating the upper and/or lower motorneurons via voluntary muscle contraction 

underestimates the magnitude of the residual corticospinal output to the FCR muscle.  

Artificial stimulation of the corticospinal tract via TMS in the relaxed muscle exposes the 

greater, residual capacity of the corticospinal tract.  This suggestion is supported by the 

finding that MEPs in SCI are obtainable via TMS in muscles that are incapable of 

voluntary contraction [10].   

 

In conclusion, our study reveals novel findings of aberrant SAI cortical circuitry that 

outputs to the FCR muscle in chronic SCI.  This circuit is abolished in both a relaxed and 

contracted muscle, an effect that exists despite investigating a well-recovered muscle and 
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nerve combination. MVC, RMT, and SEPs are all similar between the two groups and 

collectively argue for functional SAI.  However, reduced SAI is supported by reduced 

peripheral afferents as shown and may be additionally explained by neuroplastic changes 

in cortical circuitry that mediates SAI.  This work leads to a new avenue of research in 

chronic SCI populations aimed at increasing corticospinal output to active FCR and by 

increasing SAI, a sensorimotor circuit implicated in the control of movement [2,3,28], 

through altering either peripheral volley, projections from SI-M1 and/or the intrinsic 

neurons in M1 responsible for controlling SAI.  
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3.6 Table 1: Demographics 

!
!

!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
 

Subject 
ID 

Injury 
Level 

Years Post 
Injury 

Cause of 
Injury 

ASIA 
Score 

Medications Limb Tested 

P001 C4-C5 11 Traumatic C Baclofen Right & Left 
P002 C3 2 Surgical C Baclofen Right & Left 
P004 C5-C6 3 Traumatic C Baclofen, Soflax, 

Gabapentin, 
Pantopraxole, 
Senkot, Detrol 

Right & Left 

P005 C4 16 Traumatic C Oxycotin, 
Hydromorphine, 
Glucosamine 

Right 

P006 C5 14 Traumatic B Axid, Collase, 
Ditropan, 
Baclofen 

Right & Left 

P007 C3-C4 7 Traumatic B Fentinal Patch, 
Pregabilin, 
Baclofen, 
T.Zanodine, 
Oxybutin, 
Hyrdromorphine 

Right 

P008 C5 9 Traumatic D Benadryl, 
Percocet 

Right & Left 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure Legends 

Figure 4. Corticospinal output to FCR A) Group-averaged resting motor threshold 

(with standard errors) as a function of absolute TMS stimulator intensity in %MSO tested 

in both groups (n=9 SCI, n=9 controls).  B) Group-averaged resting motor threshold 

(with standard errors) as a function of absolute TMS stimulator intensity in %MSO tested 

in both groups (n=12 SCI, n=12 controls).  C) MEP recruitment curve in non-contracted 

FCR (n=9 SCI, n=9 controls). Group-averaged MEP amplitudes are represented in the 

line graphs (with standard errors).  Histograms represent background activity in absolute 

terms (with standard error).  D) MEP recruitment curve in contracted FCR (n=12 SCI, 

n=12 controls).  Group-averaged MEP amplitudes are represented in the line graph with 

standard errors.  Asterisks represent group differences in MEP amplitude.  Histograms 

represent background contraction expressed as a percent of their MVC (with standard 

error).  

Figure 5. SAI in FCR A) Group-averaged SAI in non-contracted, resting FCR (n=9 SCI, 

n=9 controls) shown as the ratio of the conditioned to unconditioned (i.e. TS alone) is 

represented in the line graphs (with standard error).  Asterisks indicate where SAI is 

reduced in SCI compared to controls, 15 ms.  Histograms represent background activity 

in absolute terms (with standard error).  B) Individual examples of SAI at 15 ms ISI. 

Averaged MEP amplitude at 15 ms ISI and TS alone for three control and three SCI 

limbs.  Conditioned MEP is shown as solid black and test MEP (i.e. TS alone) as dashed 

line. Participant codes shown.  Peripheral nerve stimulation (PNS), transcranial magnetic 

stimulation (TMS) and motor evoked potential (MEP).  C) Group-averaged SAI in 

contracted, active FCR (n=12 SCI, n=12 controls) shown as the ratio of the conditioned 
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to unconditioned (i.e. TS alone) is represented in the line graphs (with standard error). 

Asterisks indicate where SAI is reduced in SCI compared to controls, 15, 20 and 25 ms. 

Histograms represent background contraction expressed as a percent of their MVC with 

standard error.  D) Individual examples of SAI at 15 ms ISI.  Averaged MEP amplitude at 

15 ms ISI and TS alone for three control and three SCI limbs.  Conditioned MEP is 

shown as solid black and test MEP (i.e. TS alone) as dashed line.  Participant codes 

shown.  Peripheral nerve stimulation (PNS), transcranial magnetic stimulation (TMS) and 

motor evoked potential (MEP).   

Figure 6.  Somatosensory evoked potentials and sensory nerve action potentials 

SEPs were evoked via median nerve stimulation at the elbow, lateral and proximal to the 

medial epicondyle, slightly medial to the medial edge of bicep.  SEPs were collected 

from 7 limbs from 4 SCI participants and from 7 uninjured controls.  SEPs were collected 

and analyzed in both the active, where participants were asked to hold an isometric 

contraction equal to ~ 20% MVC and in the resting, where participants relaxed their 

forearm, states.  Sensory nerve action potentials were evoked via median nerve 

stimulation at the wrist just lateral to the palmar tendons of the wrist and were recorded 

over the median nerve at the elbow. A) Group-averaged SEP latency in both the 

contracted, active, and non-contracted, resting, FCR for both SCI and controls.  ANOVA 

revealed no significant differences between the groups (p=0.068) although a trend is 

emerging for longer SEP latency in the SCI group.  The latency in both the SCI (~ 15.6 

ms) and control (~ 14.7 ms) group are consistent with previous literature showing latency 

from this location being 15.4 ms[74].  B) Group-averaged N20-P25 amplitude in both the 

contracted, active, and non-contracted, resting, FCR for both SCI and controls.  ANOVA 
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revealed no significant differences between the groups (p=0.849). C) Group-averaged 

SNAP amplitude in the non-contracted, resting, FCR for SCI and controls. Unpaired two-

tailed t-tests revealed significant differences between the two groups (p=0.045). 
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Chapter 4: Experiment 2 

Relationship between median nerve stimulation and indices of somatosensory 

function 

 

4.1 Introduction 

Neural activity within the primary somatosensory cortex (SI) is commonly assessed via 

electrical stimulation of the median nerve. Increasing electrical nerve stimulation 

intensity recruits larger afferent volleys as measured by the gain in sensory nerve action 

potentials (SNAPs), and is maximal when all afferent fibers within the nerve are recruited 

[107,108].  Using median nerve stimulation, somatosensory evoked potentials (SEPs) 

allow excitation and inhibition to be quantified within SI while short-latency afferent 

inhibition (SAI) measures the influence of the somatosensory afferent volley on neural 

circuits within primary motor cortex (M1). Such measures are valuable indices of 

sensorimotor function for intervention-based studies that aim to alter neural activity in 

healthy and/or clinical populations.  Understanding the relationship between the afferent 

volley and measures of sensorimotor function is essential for designing effective research 

studies, and, understanding their interrelatedness will provide insight into the neural 

mechanisms that mediate each circuit. 

 

There is an increasing stimulus-response relationship between median nerve evoked 

SNAPs and the somatosensory evoked potential (SEP) recorded over SI such that the 

N20-P25 increases to ~ 50% of the maximum SNAP (i.e., SNAPmax) [38,46]. Increases in 

SNAP amplitude beyond ~ 50% are hypothesized to be the result of antidromic activity in 
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motor fibers [38,46] that do not yield any further changes to SEPs [38,46]. Therefore, 

these data suggest that, for median nerve stimulation at ~ 50% of SNAPmax, all sensory 

fibers are recruited. Paired-pulse ratio (PPR) is a technique that assesses the neural 

activity within SI by delivering doublets of electrical nerve stimuli with a short 

interstimulus interval (i.e., 10-30 ms).  The resulting N20-P25 generated by the second 

stimulus (i.e., SEP 2) is suppressed relative to the first N20-P25 (i.e., SEP 1).  The ratio 

of SEP 2 to SEP 1 decreases when median nerve stimulation intensity increases within a 

range from sensory threshold (ST) to 1.2x motor threshold (MT) for a twitch in the 

abductor pollicis brevis (APB) [20].  PPR is potentially a powerful tool for studying 

intracortical SI mechanisms, yet there remain several unanswered questions that currently 

limit its usage.  First, the relationship between PPR and the magnitude of the afferent 

volley remains unclear.  Since SEPs are saturated at ~ 50% of SNAPmax, one would 

predict that PPR would also be saturated if its magnitude is determined primarily by the 

afferent volley. Decreases in PPR are, however, mediated by increases or decreases in 

SEP 1 and SEP 2, respectively. Therefore, when assessing SI intracortical measures it is 

important to evaluate both PPR and SEP 2 as a function of intensity to fully understand 

these relationships.  

 

SAI is a measurement assessing the inhibitory influence of the afferent volley on neural 

circuits within M1. SAI is evoked by pairing a peripheral nerve stimulus with a 

subsequent Transcranial magnetic stimulation (TMS) pulse over M1. When nerve 

stimulation precedes TMS at short latencies after the N20 (i.e., 2 to 8 ms) the resulting 

motor evoked potential (MEP) generated from TMS is suppressed [1]. Importantly, SAI 
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increases (i.e., increased inhibition) when median nerve stimulation increases from ST to 

MT [26]. The relationship between SAI and the afferent volley, however, remains 

unknown. SAI may be mediated by transmission of the afferent volley via SI or via direct 

thalmocortical projections to M1. Therefore, if SAI were mediated by transmission 

through SI one would expect SAI to follow a similar recruitment pattern to both SEPs 

and PPR. 

 

The present study investigated the relationship between the magnitude of the median 

nerve afferent volley based on percentages of SNAPmax with SEPs, PPR and SAI. 

Through correlation analyses, the relationships between these measures were also 

explored. Based on Gandevia and Burke (1984) it was hypothesized that SEPs would 

saturate at ~ 50% SNAPmax [46]. Further, it was hypothesized that PPR and SAI would 

follow a similar recruitment pattern and also saturate at ~ 50% SNAPmax.  Results 

indicate that SEPs and SAI increase and PPR decreases to ~ 47% SNAPmax with no 

change thereafter. Further, correlations reveal that SNAPs were correlated with SEPs but 

not SAI, while SAI is correlated with PPR and SEPs. This supports the hypothesis that 

the afferent volley arrives in M1 via SI and not due to direct thalamocortical synapses.  
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4.2 Methods 

Participants 

Twenty-three right-handed individuals were studied (10 males; mean age: 23 ± 1.5). 

Participants were determined to be right handed by the Edinburgh Handedness Scale 

[109]. The study conformed to the declaration of Helsinki and was approved by the 

McMaster Research and Ethics Board. All individuals provided written consent prior to 

participation. 

 

SNAPs, nerve stimulation & SEPs 

SNAPs were recorded over the median nerve (MN) at the elbow just proximal to the 

medial epicondyle. The MN, a mixed nerve containing both sensory and motor fibers, 

was stimulated using a bar electrode at the wrist slightly medial and proximal to the 

styloid process of the radius and just lateral to the tendons of the wrist.  Five median 

nerve stimulation intensities were used and defined as the stimulator output that elicited ~ 

25%, 50% and 75% of SNAPmax and 1.2 x and 2.4 x MT based on a visible muscle twitch 

in the (APB). Percentages of SNAPmax were determined before collections of SEPs and 

SAI by averaging the SNAP over 40 sweeps and the stimulator was adjusted until the 

amplitude of the SNAP approximated the intended percentage value for each participant. 

 

SEPs were acquired at electrode position C3Õ and referenced to Fz based on the 

International 10-20 system with the ground electrode over the clavicle. Impedance was < 

5 kΩ at each scalp electrode. For each intensity tested, 500 pairs of median nerve stimuli 

were delivered and separated by an interstimulus interval (ISI) of 30 ms [110-112]. Pairs 
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were delivered at a frequency of 1 Hz. The peak-to-peak N20-P25 response that followed 

the first stimulus was defined as SEP 1 and the peak-to-peak N20-P25 response that 

followed the second stimulus was defined as SEP 2. SEP signals were amplified (10K), 

band pass filtered (high pass of 2 Hz and low pass of 2500 Hz), collected (CED 1401, 

Signal v5) and stored on a personal computer for offline analysis. 

 

Short-latency afferent inhibition (SAI)  

EMG was recorded with Ag – AgCl surface electrodes (9 mm) placed over the FCR 

muscle of the right forearm with the active electrode placed ~ 3 cm distal and 2 cm lateral 

to the medial epicondyle, the reference was placed over the tendons of the wrist and the 

ground electrode placed over the medial styloid process of the wrist. EMG signals were 

amplified (x 1000), band pass filtered (high pass of 20 Hz and low pass of 2500 Hz) and 

collected (CED 1401, Signal v5) for offline analysis. TMS was performed using a 50 mm 

inner diameter figure-of-eight branding coil connected to a Magstim 2002 stimulator 

(Magstim, UK). The motor hotspot for FCR was determined as the location providing the 

most reproducible MEP in the relaxed FCR muscle. The coil was positioned 45 degrees 

to the mid-sagittal line to induce a current in a posterior-to-anterior direction over the 

left-hemisphere motor cortex. Resting motor threshold (RMT) was tested at the motor 

hotspot and defined as the lowest stimulator intensity to elicit MEPs of  ≥ 50 µV in 5 out 

of 10 consecutive trials [57]. Brainsight Neuronavigation (Rogue Research, Canada) was 

used to target and track the TMS coil position and orientation corresponding to the 

location of the motor hotspot. To elicit SAI, the TMS intensity was set to evoke MEPs of 

~ 1 mV in the relaxed FCR. The ISI between the peripheral nerve stimulus and TMS 
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pulse was derived from the latency of the N20 component in each participant and an 

additional 2 ms was added to elicit greatest inhibition [1]. SAI was tested at intensities 

defined by the SNAPmax (i.e., 25%, 50% and 75%) and at 1.2 x and 2.4 x MT. Each of the 

afferent volley intensities was tested in a separate block of 30 trials; fifteen conditioned 

MEPs (i.e., MEPnerve-TMS) randomly presented with fifteen unconditioned MEPs (i.e., 

MEPTMS). A 5-second inter-trial-interval was used.  

 

Experimental Protocol 

Participants were subject to five testing blocks, corresponding to each stimulation 

intensity. Within each block SNAPs, SEPs, PPR and SAI were collected at a single 

afferent volley intensity. The order of intensities collected was pseudo-randomized across 

participants using a William’s square design. During the first intensity block SEPs were 

always collected first to calculate the N20 latency, a latency required to determine the ISI 

for SAI. The subsequent blocks were randomized for the order in which dependent 

measures were collected. 

 

Data Analyses 

The actual SNAP amplitudes (i.e., actual SNAPs attained: 20%, 44%, 49%, 71% and 

100% SNAPmax) acquired during testing were analyzed for each of the five intensities 

tested. Subsequently we compared the amplitude of the actual SNAPs between 

neighboring intensities (i.e., actual data: 20% vs 44%; 44% vs 49%; 49% vs 71%; and 

71% vs 100% SNAPmax) via paired two-tailed t-tests to ensure levels can be treated as 

separate intensities. SNAPs that were not significantly different from their neighboring 
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SNAP intensities were averaged to create a single intensity. In this instance all dependent 

measures were averaged across these two intensities. SEPs were averaged over the 500 

epochs. Intracortical inhibition within SI was determined by the amplitude of SEP 2, 

which is suppressed at ISIs of 30 ms [110-112]. PPR was measured as the ratio of SEP 2 

divided by SEP 1. SAI was expressed as the absolute amplitude of the conditioned MEPs 

(i.e., MEPnerve-TMS) and compared to the unconditioned MEP (i.e., MEPTMS). 

 

The amplitude of SEP 1, SEP 2, PPR and SAI were subject to one-way repeated 

measures ANOVA with factor INTENSITY (4 levels corresponding to the actual SNAPs 

recorded during testing: 20%, 47%, 71%, 100% SNAPmax).  Upon significance, post-hoc 

Tukey’s HSD test was used. For SAI, to ensure the unconditioned MEP (MEPTMS) was 

not different between intensities a one-way repeated measure ANOVA with factor 

INTENSITY (4 levels: 20%, 47%, 71%, 100% SNAPmax) was used. To test the 

hypothesis that both PPR and SAI should increase to 47% SNAPmax (~ 50% SNAPmax) 

[20,26] a one-tailed paired t-test compared the respective measures at 20% versus 47% 

SNAPmax. Saturation within SEPs, PPR and SAI was determined by the percentage of 

afferent volley at which measures cease to statistically increase. Pearson’s correlation 

analyses were performed between SNAPs, SEPs, PPR and SAI to assess the relationship 

between SNAPs and responses by accounting for individuals actual SNAP values. 

Significance was set at p < 0.05 and if the assumptions of sphericity were not met, 

Greenhouse-Geisser corrections were used.  
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4.3 Results 

Twenty-three right-handed individuals were studied (10 males; mean age: 23 ± 1.5). One 

participant was not able to complete the highest intensity due to discomfort, and one 

participant had abnormal SEP responses as determined as greater than 2-SD away from 

the mean at all intensities. Therefore, data from 21 individuals (8 males; mean age: 23 ± 

1.54) were included in all subsequent analyses.  

 

SNAPs 

Median nerve stimulation was delivered to obtain SNAPs of approximately 25%, 50% 

and 75% SNAPmax and at 1.2 x and 2.4 x MT. The actual group-averaged nerve 

intensities delivered, based on the percentage of SNAPmax in each participant are shown 

in Table 1 are referred to herein. As can be seen in Table 1, 1.2 x MT evoked ~ 50% 

SNAPmax while 2.4 x MT equated to ~ 100%.  MT in mA fell between the 20% and 44% 

SNAPmax (i.e., 10.57 mA). SNAPs were not significantly different between 44% SNAPmax 

and 1.2 x MT (49% SNAPmax) (p=0.106) and data for these two intensities were averaged 

for each individual prior to subsequent analyses. Following this average, all adjacent 

intervals of % SNAPmax were statistically different (20% vs 47% p < 0.001, 47% vs 71% 

p < 0.001, 71% vs 100% p < 0.001). 

 

SEPs  

Figure 1A displays the group-averaged peak-to-peak N20-P25 amplitude as a function of 

the percentage of SNAPmax. One-way ANOVA revealed a significant effect of 

INTENSITY (F(2.07,41.48)=16.41; p<0.001) and post-hoc Tukey’s revealed greater N20-
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P25 amplitudes at 47%, 71% and 100%  versus 20% SNAPmax. The maximum amplitude 

of the N20-P25 occurred at 71% SNAPmax, but, statistically, SEPs did not increase 

beyond the amplitude obtained at 47% SNAPmax. Figure 1B illustrates an example SEP 

dataset from one individual at each percentage of SNAPmax.  

 

The group-averaged PPR is shown in Figure 1C and revealed a significant effect of 

INTENSITY (F(3,60)=3.698; p=0.016). Compared to 20% SNAPmax PPR was reduced at 

47% in support of the hypothesis (one-tailed p = 0.005) and 71% (p < 0.05). Statistically 

PPR did not change beyond 47% and was therefore saturated at this intensity. However, 

as is shown in Figure 1D reductions in PPR are not mediated by decreases in the 

amplitude of SEP 2 (SEP 2; INTENSITY, F(3,60)=1.118; p=0.349) but instead relate to 

increases in SEP 1. Further, SEP 2 had a maximum amplitude of ~ 2 µV at all intensities 

and suggests a potential ceiling effect for activation within SI after a nerve stimulus 30 

ms prior.    

 

SAI  

Figure 1E plots the group-averaged data for the test MEP (i.e. MEPTMS) and the 

conditioned MEP (i.e. MEPnerve-TMS) at each percentage of SNAPmax. One-way ANOVA 

revealed a significant effect of INTENSITY (F(4,80) = 6.31; p < 0.001) indicating the 

presence of SAI at 47%, 71% and 100% of SNAPmax (p < 0.05, post-hoc Dunnet’s test; 

TS versus each CS-TS). The unconditioned MEP amplitude was not different across the 

afferent volley intensities (F(3,60) = 0.255, p = 0.857). Further, in support of the 

hypothesis, SAI increased from 20% to 47% SNAPmax (p=0.0249) the maximum depth 
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observed. Figure 1F illustrates an example SAI dataset from one individual at each 

percentage of SNAPmax obtained in this individual. 

 

Correlation Analyses 

Correlation analyses between SNAPs, SEPs, PPR and SAI are shown in Figure 2. SNAPs 

are significantly correlated with SEPs (Figure 2A) (r = 0.216, p = 0.024) and PPR (Figure 

2B) (r = 0.228, p = 0.019) but are not correlated with SAI (Figure 2C) (r = 0.033, p = 

0.382). These correlation analyses show that across all intensities SNAPs are 

significantly related to excitation within SI and are not predictors of inhibition within M1. 

SAI and SEP 1 (Figure 2D) are positively correlated (r = 0.276, p = 0.006) indicating that 

an increase in SEP 1 amplitude relates to increased SAI. SAI and PPR (Figure 2E) are 

positively correlated (r = 0.221, p = 0.022) such that decreasing PPR (i.e., towards a 

value of 1 in Figure 2E) reflects a concomitant increase in SAI.  

 

Additionally, to represent trends seen in changes to SEPs, PPR and SAI with increases in 

SNAPmax second order polynomial trend lines are shown in Figure 2F. Together these 

results indicate that as the percentage of SNAPmax increases SEPs, PPR and SAI respond 

similarly to one another and saturate at the same % SNAPmax.  

 

4.4 Discussion 

The present study investigated the stimulus-response relationship between median nerve 

SNAPs and SEPs, PPR and SAI. Several novel findings were revealed. All measures 

plateaued at ~ 50% of SNAPmax, and this intensity is thought to correspond to the 
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maximum recruitment of sensory fibers in the median nerve [38,46].  Second, median 

nerve stimulation intensity above 20% and below 47% SNAPmax should, based on our 

sample size, allow for all measures to adequately flux, and is ideal for intervention 

studies that aim to increase or decrease SEPs, PPR and SAI.  Last, intracortical SI 

measures are correlated with M1 intracortical inhibition, supporting the notion that SAI 

circuitry involves synaptic projections from SI to M1.  We discuss these findings and the 

implications from our work.  

The amplitude of the N20-P25 SEP increased up to ~ 50% SNAPmax (i.e. 1.2 x MT) and 

plateaued beyond this point, similar to previous research [38,46]. The N20 and P25 

components of the SEP are generated by pyramidal neurons in micro and macro columns 

of area 3b [24,113] that receive their excitatory input from spiny stellate cells [18]. 

Increasing the strength of this excitation via changes in the afferent volley is reflected in 

the pyramidal cell population response [114-116] and is likely to cause the observed 

increase in SEP amplitude [117,118]. In support of previous literature [46], our data 

suggests that excitation of SI increases with gains in the afferent volley and the plateau 

likely reflects the point at which all sensory fibers within the median nerve have been 

recruited (i.e. ~ 50% SNAPmax). 

 

Similar to SEPs, PPR saturates at ~ 50% SNAPmax.  Previous reports have shown a 

decrease in PPR to 1.2 x MT [20]. Our data support their finding and also indicates that 

PPR is saturated at this intensity. The measure of PPR is calculated by the ratio of SEP 2 

to SEP 1 and is itself comprised of both excitation within SI  (SEP 1) and inhibition of 

excitation within SI (SEP 2). The mechanism of SEP 2 suppression relative to SEP 1, is 



!

M.Sc.!Thesis!–!A.!Bailey;!McMaster!University!–!Thesis!!
!

55!

thought to proceed by GABAergic neurotransmission [20,51] whereby activated 

pyramidal cells excite inhibitory parvalbumin (PV) expressing interneurons [21], likely 

double bouquet cells [22], that via recurrent inhibition, act to inhibit the pyramidal cells 

themselves [21,22]. Therefore, the response to the second nerve stimulus is suppressed 

relative to the first. However, one important observation is that the amplitude of SEP 2 is 

not altered by changes in the afferent volley.  Therefore the magnitude of recurrent 

inhibition is largely unchanged by increases in intensity and the decreases in PPR are 

largely driven by increases in the initial excitation of pyramidal neurons.  These data 

highlight the need to consider the interpretation of PPR; changes in PPR do not 

necessarily reflect changes in inhibition but rather, as we show, changes in initial 

excitation of SI.  The available literature in animal models suggests that the amplitude of 

SEP 2 better isolates the contribution of recurrent inhibition [21].  We note that SEP 2, is 

not only insensitive to changes in the afferent volley but also appears to not exceed ~ 2 

uV. In our data, the decrease in PPR (Figure 1C) is driven by increased SEP 1 and is most 

accurately interpreted as an increase in SI excitation.  

 

SAI increased up to 50% SNAPmax, following closely with changes in SEP 1 and PPR. 

These data support the finding that SAI increases from ST to MT which is only slightly 

below our 50% SNAPmax [26]. SAI is a cortically mediated circuit implicated in motor 

control [3,27,28] with the afferent volley inhibiting the late I-wave generating neurons 

within M1 as shown by reductions in the amplitude of descending I-3 waves in epidural 

recordings [29]. It is proposed that I-waves are generated by excitatory cells within in 

layers 2/3 and layer 5 which synapse onto GABAergic neurons that in turn offer recurrent 
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inhibition [30]. Increases in SAI with an increase in afferent volley may occur via 

increased excitation of these GABAergic interneurons that synapse on the late I-wave 

generating neurons resulting in an increase in inhibition on the late I-waves and reduced 

MEP amplitude. 

 

The pathway by which the afferent volley projects to M1 to produce SAI remains unclear 

(i.e. thalamo-cortical to M1 [30] or relay through SI). Although our data cannot exclude a 

direct thalamo-cortical route for the SAI circuit, our results support a relay through SI. 

Correlations between the SNAP amplitude and measures of SEPs, PPR and SAI support 

the mechanisms provided above. SNAPs are significantly correlated with SEPs (p = 

0.024) and PPR (p = 0.019) but are not correlated with SAI (p = 0.382). Our finding of 

SNAPs not being correlated with SAI support our notion that SAI is evoked by the 

afferent volley projecting through SI to M1 rather than via direct connections to M1. If 

SAI was evoked via direct projections to M1 we would expect a significant correlation of 

SNAPs with SAI, but this is not the case and SAI is correlated with intracortical measures 

within SI. Therefore, our data support the theory for an SI relay in the afferent 

conditioning of M1. One mechanism to explain such conditioning involves pyramidal 

cells within SI that have long-range horizontal monosynaptic excitatory projections to 

neurons within M1 [31] and are able to drive the output of cells in the upper layers of M1 

but have little influence on the cells in the lower layers [31,32]. The early I-1 wave is 

generated by TMS stimulation of neurons in layers 2/3 that have monosynaptic 

connections to neurons within layers 5 and together form a canonical circuit where 

GABAergic inhibitory neurons act through recurrent inhibition on these cells to suppress 
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each subsequent I-wave [30]. SAI is associated with a reduction in the amplitude of the 

late I-3 wave but not the earlier I-waves [29] and the GABAergic inhibitory neurons are 

involved in the generation and suppression of late I-waves and not early [30]. Therefore, 

we suggest long-range horizontal projections from SI pyramidal cells may excite these 

GABAergic inhibitory cells thereby increasing the recurrent inhibition on the late I-

waves resulting in SAI. Increasing the excitation of SI pyramidal cells with a larger 

afferent volley (and greater SEP amplitude) potentiates the GABAergic inhibitory cells 

and increases the depth of SAI.  

 

Saturation Points and Implications on Future and Past Research 

This research demonstrates that stimulus-response patterns of SEP 1 and PPR are very 

similar to that observed in SAI, suggesting common neural mechanisms that mediate 

these circuits.  As shown in Figure 2F, all three measures are recruited similarly at low 

intensities and either saturate or begin to saturate at ~ 50% SNAPmax. Statistically, all 

measures saturate at ~ 50% SNAPmax. One explanation for saturation is that all sensory 

fibers are recruited by ~ 50% of SNAPmax as described elsewhere [38]. Alternatively, 

subcortical structures including the dorsal column nuclei, ventro-posterior lateral/anterior 

nuclei of the thalamus and thalamic reticular nucleus may provide a gating mechanism to 

reduce the afferent information arriving at the cortex [19].  

 

Irrespective of the mechanism that mediates saturation of SAI, SEP and PPR, these data 

have important implications for basic and clinical neuroscience research. We first must 

consider the advantages of finding the point of saturation. The saturation point localizes 
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the upper limit for the sensitive part of the recruitment curve, that is, the part of the curve 

that is subject to change with changes in the intensity. Understanding the upper and lower 

limits of the stimulus-response relationships for SEPs, PPR and SAI is important for 

research aiming to alter these measures (SAI [33-35] PPR [34,35] and SEPs [35-37]). We 

also note that motor threshold for a twitch in APB is observed at a current slightly below 

that to achieve ~ 50% SNAPmax.  Therefore, stimulation intensities set above motor 

threshold are likely to lead to saturation in these measures and may limit opportunities to 

observe increases in their magnitude.  Our data suggests that, for studies aiming to alter 

these measures, median nerve stimulation should be delivered at intensities below motor 

threshold, above 20% and below 40% of the SNAPmax to allow for growth and decline of 

the measured response.  

 

Limitations 

In our experiment we studied a relatively young and healthy adult population.  It is not 

known whether such stimulus-response functions will be observed in elderly and/or 

special populations. Additionally, our work investigated the recruitment curves for 

median nerve stimulation and it is not known if these results will apply to other nerves 

tested.  
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4.5 Conclusions 

Our data shows that SEPs, SAI and PPR have similar recruitment profiles. These data 

support the hypothesis that the afferent volley is important in determining the depth of SI 

cortical excitation (SEPs, PPR) and inhibition within M1 (SAI) and that neural activity 

within SI are significant predictors of changes in M1. Further, we indicate that measures 

of intracortical inhibition within SI defined by SEP 2 do not change as a function of 

intensity and that decreases in PPR with intensity is driven by increases in SI activation. 

Last, this work provides evidence of an effective method to define nerve intensities for 

plasticity protocols aimed at altering SEPs, PPR and SAI physiology.  

 

 



!

M.Sc.!Thesis!–!A.!Bailey;!McMaster!University!–!Thesis!!
!

60!

4.6 Table 2: Percent Afferent Volley 
!
!

!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!

Intended& 25%&SNAP& 50%&SNAP& 1.2&x&MT& 75%&SNAP& 2.4&x&MT&
Actual&(%)&
SD&

20%!!
10.2!

44%!
15.3!

49%!
23.6!

71%!
19.7!

100%!
0.00!

47%!!
Actual&(mA)&
SD&

9.16!
3.77!

11.82!
4.40!

12.64!
4.23!

15.05!
5.27!

24.88!
8.48!
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Figure 7:  
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Figure 8: 
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Figure Legends 
 
Figure 7: Somatosensory Function  

 A) Group averaged recruitment curve of N20-P25 (with standard error bars) as a 

function of increasing percentage of actual SNAPmax recorded. Compared to 

20%, SEPs increase in amplitude at 47%, 71% and 100% with no differences 

from 47% to 100% SNAPmax. B) Individual SEP traces depicting N20-P25 

amplitude of SEP 1 and SEP 2. Traces are color coded to reflect data in Figure 

1A. Actual percentages of SNAPmax are shown in the figure legend for this 

participant. C) Group averaged PPR of the SEP 2 to SEP 1. Data shows a 

significant decrease in PPR between 20% and 71% SNAPmax, as indicated by the 

asterisk over the bars and a-priori testing shows a significant decrease in PPR 

from 20% to 47% SNAPmax depicted by asterisks between the bars. D) Group 

averaged SEP 1 and SEP 2 amplitudes as a function of the percent SNAPmax. 

Black bars represent SEP 1 and reflects data shown in Figure 1A, while hatched 

bars reflect the amplitude of the SEP 2. SEP 2 does not alter with changes in the 

afferent volley. E) Group averaged unconditioned and conditioned MEP data at 

each percentage of SNAPmax representing SAI. Asterisks over the bars indicate 

significant reduction in the conditioned MEP amplitude compared to the 

unconditioned MEP amplitude (47%, 71% and 100% SNAPmax) while asterisks 

between the bars represents a-priori testing that show significant increases in 

SAI from 20% to 47% SNAPmax. F) Individual MEP traces depicting the 

unconditioned MEP (MEPTMS) and the conditioned MEP (MEPnerve-TMS) at each 

of the afferent volley intensities. Actual % SNAPmax are shown in the figure 
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legend for this participant.  

Figure 8: Correlation Analyses 

 A) Correlations between SNAP and SEP 1 reveal a significant positive 

correlation showing that as SNAP increase the excitation in SI increases. B) 

Correlations between SNAP and PPR reveal a significant positive correlation 

showing that as SNAP increases the ratio decreases (x-axis proceeds towards 1). 

C) Correlations between SNAP and SAI reveal no correlation and show that the 

afferent volley is not significantly related to the inhibition within M1. D) 

Correlations between SAI and SEP 1 reveal a significant positive correlation 

showing that as SEP increase the depth of SAI increases. E) Correlations 

between SAI and PPR reveal a significant positive relationship. As the ratio of 

SEP 2/SEP 1 reduces the inhibition within M1 increases as well. F) Second order 

polynomial trend lines of the recruitment curves for each measurement are 

shown in order to represent how each measure responds to the increases in 

SNAP. Represented on the graph is our measurement of MT and where this 

intensity would lie on the recruitment curves. As indicated MT lies slightly 

below the saturation point and may not allow for increases in these measures to 

occur. Additionally, visually all three measures show the saturation occurring at 

~ 50% of the SNAPmax. 

 
!
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Chapter 5: General Discussion 

 

5.1 Summary of Experiments  

 

This Master’s thesis examined alterations to sensorimotor integration in individuals with 

chronic cervical spinal cord injury through measures of MEPs, SNAPs, SEPs and SAI. 

Two experiments were conducted to investigate a) whether individuals with spinal cord 

injury show alterations in these measures and b) whether alterations in these measures are 

likely to be explained by alterations in the afferent volley. This thesis is the first attempt 

to examine alterations in the upper limb sensorimotor pathways in individuals with 

chronic cervical spinal cord injury and investigate the relationships between SEPs, PPR, 

SAI and the afferent volley as well as their interrelatedness. Results from the first 

experiment show that several alterations exist within the sensorimotor system in 

individuals with chronic spinal cord injury. First, the MEP amplitude and MTs are 

reduced and increased, respectively in the active state and not the resting state. Second, 

SNAPs are reduced in individuals with SCI while SEPs are not reduced. Finally, SAI, 

which measures sensorimotor integration, is reduced in individuals with SCI in both the 

active and resting states. The second experiment, which sought to investigate what the 

relationship between the afferent volley and measures of somatosensory function, found 

that all measurements of SEPs, PPR and SAI increase with the afferent volley and all 

saturate at the same intensity. Results from both experiments provide novel information 

regarding sensorimotor function in the upper limbs in individuals with spinal cord injury 

and how these measure function as the afferent volley arriving in the cortex increases.  



!

M.Sc.!Thesis!–!A.!Bailey;!McMaster!University!–!Thesis!!

!

66!

The following sections will discuss possible mechanisms, the impact of the experiments 

and the limitations and future directions of the work.    

 

5.2 Neural models and mechanisms 

 

For my dissertation, I have created a neural model (Figures 9-12) to assist in the 

explanation and integration of the data and will refer to these figures for the remainder of 

the discussion.  Specifically, models are provided to explain the responses of M1 and SI 

to a TMS pulse and nerve stimulus respectively, how SAI is evoked, the effect of altering 

the afferent volley and how neural pathways are likely to be affected in individuals with 

spinal cord injury.  

 

Neural model describing mechanisms of MEPs, SEPs and PPR 

The proposed neural model describing the mechanisms behind generation of MEPs, SEPs 

and PPR is shown in Figure 9. The afferent volleys travel to somatosensory cortex via 

relay through the VPL of the thalamus and synapse onto spiny stellate (SS) cells within 

layers 5 of SI [17,42] [14,18]. These SS have excitatory synapses with pyramidal cells in 

layers IV and V of SI. The excitation of these pyramidal cells and their excitation of other 

pyramidal cells in neighboring cortical columns give rise to the N20-P25 SEP. The 

pyramidal cells also have excitatory synapses with PV expressing inhibitory interneurons 

that are likely to be DB cells [21]. Once activated, these cells synapse back with the 

pyramidal cell and provide recurrent inhibition. Therefore, the next excitatory synapse 
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onto the pyramidal cell from the SS cell will be reduced since the PV cells are actively 

inhibiting the pyramidal cell giving us the suppressed second N20-P25.  

TMS when delivered in the PA orientation preferentially excites superficial pyramidal 

cells within layers 2/3 of M1 [56]. These pyramidal cells have excitatory synapses with 

other pyramidal cells in layer 5 of M1, which once activated send a descending volley 

down the spinal cord termed the I-1 wave. Pyramidal cells within layers 2/3 and 5 have 

excitatory connections with GABAergic neurons that then through inhibitory synapses 

create recurrent inhibition on the pyramidal cells [30]. The layer 5 pyramidal cells also 

have excitatory synapses back with the pyramidal cells in layer 2/3. Therefore, after the 

initial excitation of the pyramidal cell via TMS the pyramidal cells in layer 2/3 are re-

excited by the cells in layer 5, to a lesser extend due to the GABAergic inhibition, and in 

turn synapse again with the pyramidal cells in layer 5 and with the GABAergic inhibitory 

cells. This circuit is repeated continuously leading to the generation of the late I-waves 

[30]. Summation of the I-waves at the alpha motor neuron leads to the generation of an 

action potential resulting in a motor evoked potential or muscle twitch within the muscle 

of interest. The continual reciprocal activation of cells in layer 2/3 and 5 supports the 

periodicity of the I-waves (1.5 ms each) [30] and the GABAergic inhibition supports the 

finding that GABAA agonists reduce the amplitude of the MEP as the late I-waves would 

be suppressed to a greater extent [62].  

 

Neural model describing mechanisms of SAI 

The proposed neural model describing how SAI is generated is depicted in Figure 10. 

The pathway of afferent transmission from the afferent volley to M1 is debated for the 
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circuit of SAI.  It may traverse a path through SI or be directly projected to M1 via 

thalamocortical connections. These data support the hypothesis that the somatosensory 

afferent volley first travels through SI. Literature in animal models demonstrates an 

excitatory projection between SI and M1 such that stimulation of SI leads to the 

generation of EPSPs within M1. These responses are dose dependent and increasing the 

stimulation of SI leads to greater EPSPs evoked in M1 [31]. The finding that SAI is not 

significantly correlated with the amplitude of SNAP refutes the hypothesis that afferents 

arrive to M1 via direct thalamocortical connections and the finding that SAI is correlated 

with SEPs and PPR supports the hypothesis that afferents first travel through SI and these 

excitatory connections are likely the pathways used to evoke SAI. In my model I suggest 

SI projects and synapses onto the GABAergic neurons responsible for generating I-

waves. Excitation of these cells result in greater inhibition of the late I-waves [29] 

resulting in SAI.  

 

Neural model describing mechanisms of increasing afferent intensity  

The proposed neural model describing changes in measures of SEPs, PPR and SAI with 

increased afferent intensity is shown in Figure 11. The volume of activation within SI is 

increased as shown by increases in SEP 1. Greater activation within SI would lead to 

increased output of the pyramidal cell to M1 [31] and greater excitation of the 

GABAergic neurons resulting in increased depth of SAI. However, increasing the 

activation of SI does not lead to decreases in the amplitude of SEP 2 suggesting that the 

input onto the PV expressing inhibitory neurons is either unaffected or the inhibitory 

output provided by these PV cells does not change with increases in the afferent volley 
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and provides a constant inhibitory influence on that pyramidal cells providing a ceiling to 

the amount they can be activated after a prior nerve stimulation.  

 

Neural model describing mechanisms behind alterations in MEPs, and SAI with SCI  

The proposed model to describe the changes that occur in measures of MEPs and SAI is 

depicted in Figure 12. Data in individuals with spinal cord injury show reduced SNAPs, 

MEPs and SAI but show normal SEP amplitudes. The median nerve is a mixed nerve 

containing both afferent and efferent fibers. Since, participants show normal SEPs and 

altered MEPs it is likely that majority of my cohort experience a greater amount of 

damage to the motor fibers as opposed to the sensory fibers. Further, the data support that 

reductions in SAI are not mediated by decreased activation of SI resulting from reduced 

afferent volley since both SCI group and control group show similar activation of SI. 

Therefore in these two groups the excitation of GABAergic cells within M1 should be 

similar resulting in similar depths of SAI. SAI is however, reduced in the SCI group, 

likely to be resulting from either changes in the synapse from SI to M1 resulting in 

reduced activation of GABAergic neurons or alternatively, aberrations exist within the 

GABAergic neurons themselves. It is known that late I-waves, which are affected by 

these GABAergic neurons, are altered in individuals with SCI [119,120] supporting this 

hypothesis that the function of these cells is impaired in individuals with spinal cord 

injury. 
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Figure 9: Mechanisms in motor and somatosensory cortices 
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Figure 10: Mechanisms behind short-latency afferent inhibition 
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Figure 11: Mechanisms behind changing afferent intensity 
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Figure 12: Mechanisms behind changes in MEPs and SAI due to spinal cord injury 
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Figure Legends 

Figure 9: Mechanisms in motor and somatosensory cortices 

Figure 9 depicts the circuitries in somatosensory cortex and motor cortex mediating the 

generation of SEPs , PPR and SAI. 1. Depicts the arrival of the afferent volley into the 

somatosensory cortex by synapses from spiny stellate cells onto the pyramidal cells in 

layers IV/V, generating the SEP. 2. Depicts the generation of the PPR where the 

pyramidal cells synapse onto PV expressing inhibitor neurons that provide recurrent 

inhibition onto the pyramidal cell itself. 3. Depicts the generation of the MEP whereby 

the TMS pulse excites the pyramidal cells within layers II/III and V. These then create 

descending volleys that summate the spinal motor neurons and result in the muscle 

twitch. Cyclic excitation results in the period nature of the descending volleys.  

 

Figure 10: Mechanisms behind short-latency afferent inhibition 

Figure 10 depicts the mechanisms that mediate the generation of SAI. 1. The afferent 

volley arrives in the cortex and excites pyramidal cells. 2. Pyramidal cells have excitatory 

connections into motor cortex and are likely to be on GABAergic inhibitory neurons that 

modulate the descending volley. 3. The excitation from SI increases the inhibition from 

the GABAergic neurons that act on the pyramidal cells in M1. 4. The result is a decrease 

in the amplitude of the descending volleys specifically the late I-waves.  

 

Figure 11: Mechanisms behind changing afferent intensity 

Figure 11 depicts the mechanisms that mediate the changes that occur in measures of 

SEPs, PPR and SAI with increases in the afferent volley. 1. Increasing the afferent volley 
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increases the excitation within the pyramidal cells resulting in increased SEP. 2. The 

output from the pyramidal increases and increased excitation within M1 occurs but no 

increase in the excitation on the PV cells offering no increase in the amount of recurrent 

inhibition. 3. The increased excitation from SI increases the excitation onto the 

GABAergic neurons within M1. This increases the inhibitory output from these cells onto 

the pyramidal cells within M1. 4. The increase in inhibition onto the pyramidal cells will 

reduce the output and results in an increase in the inhibition in m1 and an increase in SAI. 

 

Figure 12: Mechanisms behind changes in MEPs and SAI due to spinal cord injury  

Figure 12 depicts the mechanisms that are altered in individuals with spinal cord injury. 

1. Alterations in the excitatory synapses from SI to M1 may result in a reduction in the 

excitation of the GABAergic cells that would reduce the depth of SAI. 2. Intrinsic 

alterations in the GABAergic cells would reduce the ability to inhibit the pyramidal cells 

and would also reduce the depth of SAI. 
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5.3 Impact of experiments 

Together these experiments provide new information regarding the function of motor 

cortex, somatosensory cortex and the interplay between the two in the upper limb in 

individuals with a cervical SCI in addition to detailing the relationship between afferent 

volley and measures indicating sensorimotor integration. Through the first experiment we 

have indicated several areas of neural function that are altered in individuals with SCI, 

and these areas may be targeted by plasticity inducing TMS protocols such as theta-burst 

stimulation and paired associated stimulation protocols to attempt to alter specific 

circuits. Restoring function to the altered neural circuits in this population could 

potentially result in functional gains, as proper neural function in both M1 and SI is 

essential for movement. However, there are limitations within our understanding of these 

measures that reduce the effectiveness of interpreting how well these protocols induce 

plasticity. 

 

It is common for researchers to measure MEPs, SEPs and SAI before and after a 

plasticity protocol to test for its effectiveness on creating plasticity. To date several of 

these experiments have used measures of MT or multiples of MT to determine the 

stimulation protocol intensity [33-36]. The data in this thesis has shown that these 

intensities are actually at or above the saturation point for the measures of interest and 

disallows for increases caused by the stimulation protocol to be observed. I believe that in 

past literature there have been several stimulation protocols that have been “ineffective” 

at altering neural function but this conclusion may have been due to the intensity at which 

the measures of interest were evoked [36]. Therefore, it is important when designing 
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plasticity inducing research studies to ensure that the stimulation intensity is not above 

the individual’s saturation point. This can be done by collecting an individual’s 

recruitment curve prior to delivering the experimental protocol and setting the stimulation 

intensity to be on the sensitive part of the recruitment curve. If SEPs or SAI are the 

measure of interest we recommend that nerve stimulation intensities be based on 

measurements of SNAP since this is an objective method of determining stimulation 

intensity that is free of experimenter variability.  

 

5.4 Limitations of Thesis 

In Experiment 1 we measured of SEPs and SAI by stimulating the median nerve at 1.2 x 

MT. In our second experiment we show that 1.2 x MT corresponds to approximately 50% 

of the SNAPmax and is also the point at which these measures saturate.  If this information 

were available prior to designing Experiment 1 SNAP recruitment curves would have 

been collected in SCI similar to MEPs. This information would have provided an 

indication to how the cortex and peripheral nerves in an individual with SCI respond to a 

variation of stimulation intensities and would have possibly revealed differences in the 

saturation points between our two groups. It might be that SEPs in SCI are not normal, 

counter to our conclusions, and have an abnormal dose dependent response to increases 

in SNAPs something we did not test for. If this were the case it would alter our 

interpretation of the data in that cortical alterations in individuals with SCI leading to 

reduced SAI might be within SI and not in the transmission of afferents to M1 or within 

the M1 GABAergic neurons. It is important that we properly define where alterations 

exist in this population since stimulation protocols can be designed to affect the cortex 
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differently by altering location of stimulation, frequency of stimulation and/or the latency 

between paired associative stimulation protocols.  

 

5.5 Conclusions 

 In summary the research contained in my thesis  demonstrates that measures of 

motor function and sensorimotor integration are reduced in individuals with a cervical 

spinal cord injury. Specifically, MEPs are reduced and measures of SAI are reduced with 

nerve stimulation intensity is set to 1.2 x MT but measures of SEPs are not reduced. 

Further, the recruitment curves for SEPs and SAI show that there is an increase in both 

responses to an increase in the nerve stimulus and when stimulation intensity is 

determined by SNAPs these measures increase to 50% of SNAPmax which is concurrent 

with 1.2 x MT. Additionally, SEPs and SAI are significantly correlated with SNAPs but 

SAI is not supporting the hypothesis that the afferent volley arrives in M1 via a relay 

through SI. Therefore, the reductions in MEPs seen in individuals with SCI are likely to 

be a result of damage to the descending efferent fibers while reductions in SAI are likely 

to be a result in either the transmission of the afferent volley to M1 from SI or within the 

GABAergic neurons within M1. Future research should develop stimulation protocols 

aimed at restoring proper function of these measures, which may lead to functional gains. 

This is important because individuals with cervical SCI have reported that restoring upper 

limb function is a top priority and the information collected in this thesis has provided a 

sound foundation to begin developing these protocols.  
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