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ABSTRACT

IDENTIFICATION OF RESIDUAL DESCENDING PATHWAYS AFTER HUMAN
SPINAL CORD INJURY

Darryn A. Atkinson

December 1, 2016

Spinal Cord Injury (SCI) in humans is a heterogeneous diagnosis,
resulting in variable paralysis and paresthesia based on the mechanism, rostro-
caudal location, and severity of injury. Both neurophysiological and anatomical
studies have suggested that subclinical residual supraspinal-spinal connectivity
exists in a subset of individuals deemed to have motor and sensory complete
injuries. Recent reports of volitional movement in chronic, motor complete
individuals during epidural spinal stimulation have provided compelling evidence
that these residual projections may be capable of mediating volitional movement
when the functional state of spinal circuitry is electrically modulated.

l. It was the goal of this project to identify subclinical and pathway-
specific subliminal influences on spinal excitability after human SCI, and further
to determine their relationship to volitional muscle activation after injury.

Il. Results demonstrated that volitional muscle activation can be identified
and quantified in an objective manner via neurophysiological assessment, with

greater resolution than current clinical measures. Electrophysiological studies

Vi



probing the nervous system in subjects with chronic SCI, evidence was obtained
of residual descending influence even in subjects classified as having motor and
sensory complete injuries. Comparisons between volitional muscle activation and
detection of descending modulation of multisegmental muscle responses in
incomplete SCI participants revealed that interlimb modulation of a given motor
pool was a strong predictor of predicted volitional movement, but was also
observed in muscles without volitional activation, suggesting the pathways
mediating the observed modulation may be necessary but not sufficient for

volitional muscle activation after SCI.
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CHAPTER |

GENERAL INTRODUCTION

Recent studies of epidural spinal stimulation after human spinal cord injury
(SCI) have revealed that individuals with chronic, motor complete SCI may retain
the capacity for volitional movement below the level of injury in the presence of
epidural stimulation (Harkema, Gerasimenko et al. 2011, Angeli, Edgerton et al.
2014). In the first 3 participants in whom volitional movement ability was
assessed at initiation of epidural spinal stimulation, volitional leg movement was
observed between 4 and 11 days post stimulation onset (Angeli, Edgerton et al.
2014). One possible interpretation of these findings is that supraspinal centers
retain some residual neural connectivity to the lumbosacral spinal circuitry, which
is only detectable when the functional state of the spinal circuitry is modulated.
Anatomical studies have demonstrated the existence of translesional axons in as
many as 58% of spinal cord injured individuals who had been clinically classified
as motor and sensory complete (Bunge, Puckett et al. 1993, Kakulas 1999,
Kakulas and Kaelan 2015). Similarly, neurophysiological studies have
demonstrated that even those individuals clinically diagnosed with motor and
sensory complete injuries often retain some ability to modulate spinal motor

neuron excitability below the level of injury, also possibly indicating the existence



of residual descending fibers (Dimitrijevic, Dimitrijevic et al. 1984, Dimitrijevic,
Hsu et al. 1992, McKay, Lim et al. 2004). It was the goal of this project to
implement novel neurophysiological techniques for the identification spared and
subliminal descending tracts, and to investigate the importance/relevance of
these pathways to voluntary movement following human SCI.

There is mounting evidence to suggest that spinal electrical stimulation
has the potential to significantly improve recovery of neurologic function after
motor and sensory complete SCI. This population is typically limited to
compensatory strategies and assistive devices to regain some measure of
independence following injury. Improved understanding of the specific neural
pathways and mechanisms underlying voluntary movement observed during
epidural stimulation is critical to the continued development and refinement of
epidural stimulation paradigms for translation to broader clinical populations.
Moreover, knowledge of specific pathways mediating functional connectivity
between spinal networks on either side of a spinal lesion may provide new
targets for the development of novel recovery strategies and improve
characterization of injury type and severity, allowing more individualized

prognosis and therapeutic intervention selection by clinicians.

Neurophysiological Assessment of Motor Function after Spinal Cord Injury

Neurophysiologic assessment of voluntary and reflex muscle activation
patterns following neurologic injury via multi-muscle electromyographic (EMG)
analysis has been under investigation for over 35 years. (Dimitrijevic et al., 1980,

Dimitrijevic et al., 1992a, Sherwood et al., 1996b, McKay et al., 2011a).This



method takes advantage of the ability to monitor multiple muscles simultaneously
during the performance of a motor task as well as during segmental reflex
testing. Patterns of multi-muscle electromyographic (EMG) activity during both
voluntary movement and reflex tests in individuals with SCI often exhibit co-
contraction and/or spread of activity to distant spinal segments (Sherwood et al.,
1996b, McKay et al., 2011b), suggesting altered descending control in many
subjects who do retain some ability to voluntarily initiate movement after SCI.
These studies led to the observation that, under specific standardized testing
conditions, suprasegmental influences could be seen on segmental motor activity
below the level of SCI in individuals with no ability to voluntarily activate
segmental motor units below the level of lesion. (Dimitrijevic et al., 1977b,
Dimitrijevic et al., 1984a, Sherwood et al., 1992) This has led to usage of the
term “discomplete” to further characterize individuals given the clinical
designation of motor complete SCI. A large number of individuals with clinically
complete lesions (AlIS A-B) have since been studied by this group; a majority
were found to retain some ability to modulate spinal motor excitability below the
level of injury (Dimitrijevic et al., 1992a, McKay et al., 2004). Although increased
objectivity and sensitivity in the detection of volitional activation of motor units
has been demonstrated (McKay et al., 2011b, Li et al., 2012), the specific
neuronal pathways underlying modulation of spinal motor excitability after SCI

cannot be identified with this method of assessment.

Pathway-Specific Investigation of Descending Neural Influence on Spinal Motor

Excitability



Despite the discussed neurophysiologic and anatomical evidence of
translesional neural pathways after SCI, identification of pathway-specific
residual and/or de novo descending translesional connectivity in descending
systems other than the corticospinal tracts are understudied. The H-reflex has
been used to investigate descending supraspinal and intraspinal influence on
lumbosacral motor excitability in non-injured human subjects, including
corticospinal (Nielsen, 1995, Wolfe, 1996, Goulart et al., 2000, Guzman-Lopez et
al., 2012), vestibulospinal (Kennedy et al., 2004, Lowery and Bent, 2009),
reticulospinal (llic et al., 2011), and long propriospinal (Meinck, 1976, Piesiur-
Strehlow and Mienck, 1980, Meinck and Piesiur-Strehlow, 1981a, Delwaide and
Crenna, 1984b, Frigon et al., 2004, Zehr et al., 2004) tracts. The H-reflex is
advantageous for the study of paralyzed muscles which cannot be volitionally
activated, and allows observation of both facilitative and inhibitory effects. Task-
dependent modulation of the H-reflex via supra and intra-spinal inputs has been
extensively studied, leading to the acceptance of the H-reflex as being under
descending influence (Delwaide and Crenna, 1984b, Capaday and Stein, 1986,
Crone and Nielsen, 1989, Dyhre-Poulsen and Simonsen, 2002, Solopova and

Selionov, 2012).

Multisegmental Muscle Responses

Single, brief electrical pulses over the posterior aspect of the lumbosacral
spinal cord evoke short-latency compound motor action potentials in bilateral leg
muscles (Dimitrijevic et al., 1983, Maertens de Noordhout et al., 1988), termed

multi-segmental muscle responses (MMRs) (Courtine et al., 2007), posterior root



muscle responses (Minassian et al., 2004), or sensory root evoked responses
(Roy et al., 2012). Neurophysiological examinations of the effect of stimulation at
various superior-inferior and anterior-posterior locations relative to the cord
(Dimitrijevic et al., 1983) as well as observations of post activation depression
suggest that dorsal root afferents are preferentially stimulated via transcutaneous
stimulation, with the cathode positioned at midline over the dorsal aspect of the
spinal cord (Minassian et al., 2004, Courtine et al., 2007, Hofstoetter et al., 2008,
Roy et al., 2012). Modeling studies have also suggested large diameter posterior
root afferents at the site of root entry into the cord will have the lowest thresholds
in response to stimulation, with anterior root thresholds, and eventually
superficial dorsal columns fiber thresholds being reached at successively higher
intensities (Rattay et al., 2000, Ladenbauer et al., 2010a, Danner et al., 2011).
Multiple investigators have investigated the modulatory properties of
MMRs in order to further elucidate the nature of these responses. MMRs have
been shown to share several properties with the peripherally evoked H-reflex:
MMRs are similarly inhibited by tendon vibration (Courtine et al., 2007, Minassian
et al., 2007, Dy et al., 2010), the presence of reciprocal inhibition between
antagonists can be observed (Minassian et al., 2007, Hofstoetter et al., 2008),
and MMRs are facilitated during voluntary agonist contraction (Minassian et al.,
2007, Hofstoetter et al., 2008). Further, task- and phase- dependent modulation
during standing and gait also was observed (Courtine et al., 2007, Hofstoetter et
al., 2008, Dy et al., 2010). These observations all support the segmental reflex

nature of the response, suggesting activation of the la afferents at threshold



stimulation intensities, reminiscent of the H-reflex evoked when stimulating the
mixed nerve peripherally or intrathecally (Magladery et al., 1951b, Schieppati,
1987).

For the current project, methods were developed to take advantage of the
ability to evoke MMRs from multiple bilateral segments within the lumbosacral
enlargement using spinal stimulation to investigate residual neural influence of
descending propriospinal pathways on the lumbosacral circuitry after SCl. MMRs
address some of the limitations inherent to H-reflex modulation studies. These
include difficulties evoking the reflex in some muscles due to difficulty locating
the peripheral nerve, antidromic collision with increasing intensity of stimulation,
and reflex stability issues during studies involving movement-due to changes in
the relative position of the peripheral nerve being stimulated during limb
movements (Zehr, 2002, Pierrot-Deseilligny, 2005), making MMRs advantageous
for reflex testing.

The most important advantage of MMRs is the simultaneous detection of
segmental responses in multiple bilateral leg muscles, representing the rostro-
caudal extent of the lumbosacral enlargement. In contrast, the H-reflex
methodology typically allows examination of one unilateral muscle at a time.
Commonly, the soleus muscle is used; as such only the spinal segments
innervating the soleus- S1 and S2 (Sharrard, 1964a, Kendall et al., 1983)- may
be monitored. Comparison of the H-reflex and MMR modulation studies during

standing (Hofstoetter et al., 2008) and ambulation in both healthy (Courtine et al.,



2007) and spinal cord injured subjects (Dy et al., 2010) illustrates this key benefit

to use of MMRs when probing the spinal motor circuitry.

Propriospinal Tract Assessment

While human studies in SCI have primarily focused on corticospinal tract
function (Wolfe, 1996, McKay et al., 1997, Curt et al., 1998, Curt et al., 2004,
Curt and Ellaway, 2012), animal models of SCI have provided evidence that long
descending propriospinal pathways can participate in synaptic plasticity, forming
so-called detour pathways which re-establish functional cortical connections with
the lumbosacral motor circuitry, ultimately leading to recovery of motor function
(Bareyre et al., 2004, Courtine et al., 2009, Lang et al., 2012, Filli et al., 2014).
Long propriospinal pathways have been extensively studied in animal models,
and include long ascending and descending propriospinal neurons which
reciprocally connect the cervical and lumbar enlargements (Jankowska et al.,
1974, Schomburg et al., 1978, Beaumont et al., 2006, Reed et al., 2006, Ni et al.,
2014). These findings have inspired new interest in descending propriospinal
neurons as potential therapeutic targets following SCI (Cowley et al., 2010, Flynn

et al., 2011).

Long descending propriospinal neurons projecting both ipsi- and
contralaterally in the rat and the cat have been shown to receive substantially
greater synaptic input from reticulospinal axon terminals as compared to

corticospinals. (Matsuyama, Mori et al. 2004, Mitchell, McCallum et al. 2016).



However, evidence suggests that mammals have increased numbers of
corticospinal projections onto cervical propriospinal neurons coincident with
increased hand dexterity, with humans having the most abundant cervical
corticospinal projections (Lemon 2008). Interestingly, although very few
published studies can be found which attempt to describe the location and
relative number of descending axons at various rostro-caudal locations in the
human spinal cord, one of the more recent of such studies concluded that below
the cervical segments, a majority of descending fibers are propriospinal, with a
majority of those being short propriospinal, and the next most common
descending fiber type was reticulospinal(Nathan, Smith et al. 1996).
Propriospinal axons mostly entered the gray matter by L2, whereas reticulospinal
fibers, which were more diffusely scattered throughout the spinal cord,

descended to at least the lower lumbar levels.

C3-C4 propriospinals revceive converging descending input from all major
descending pathways, including corticospinal, reticulospinal, vestibulospinal, and
tectospinal contacts, in addition to contacts from peripheral upper limb afferents
(Alstermark, Isa et al. 2007). The C3-C4 propriospinals project directly onto
upper limb motor neurons, and have been shown to play a role in upper limb
volitional motor control in cats, monkeys (Alstermark, Isa et al. 2007, Alstermark,
Pettersson et al. 2011), and in parallel with direct cortico-motoneuronal inputs
humans (Pierrot-Deseilligny 1989, Pierrot-Deseilligny 2002). However direct
cortico-motoneuronal projections appear to be absent in rats (Alstermark, Ogawa

et al. 2004). C3-C4 proppriospinals also project to long descending propriospinal



neurons (Alstermark, Isa et al. 2007) located throughout the cervical enlargement

(Bareyre, Kerschensteiner et al. 2004, Brockett, Seenan et al. 2013).

While some studying corticospinal pathways have suggested that the
increase in cortico-motoneuronal control purported to exist in humans may be
associated with a concomitant decrease in indirect contributions to upper limb
motor control (Lemon 2008), the evidence for this is lacking. In response to this
assertion, it has been pointed out that even though the number of corticospinal
projections increases from cat to monkey to human, a majority of these
projections still terminate in the in the intermediate gray matter or more dorsally,

as opposed to direct spinal motor neuron synapses (Isa, Ohki et al. 2007).

The precise role of direct cortico-motoneuronal synaspes in motor control
in comparison with indirect corticospinal influence via spinal interneurons and
propriospinal neurons is still largely undetermined. Studies of corticospinal
transections in both man and monkey resulted in significant and ‘well-
coordinated’ functional recovery of motor function (Bucy, Keplinger et al. 1964,
Bucy, Ladpli et al. 1966), while transections of the anterior cord in humans
generally produced little to no deficits in motor function (Nathan 1994),
suggesting either ventral or dorsal descending motor systems is sufficient to
enable functional motor control in the absence of the other in these species. It
has been suggested that in humans, the nervous system might preferentially
utilize the direct motoneuronal pathway for fine motor control, whereas the
indirect cortico-propriospinal, cortico-reticulospinal (and potentially cortico-

reticulo-propriospinal) pathways are engaged when coordination of the upper,

9



axial and lower limb musculature is needed as during ambulation, allowing task-
specific activation of spinal networks for interlimb coordination (Dietz and Michel
2009). This hypothesis is consistent with the known roles of propriospinal

neurons in rats and cats (Ballion, Morin et al. 2001, Juvin, Simmers et al. 2005).

Reticulospinal fibers have also been shown to receive monosynaptic
cortical inputs (Matsuyama, Mori et al. 2004), thereby forming a potential
alternative to direct cortico-motoneuronal control in cases of corticospinal tract
damage. Strengthening of reticulospinal influence on propriospinal and motor
neurons has been demonstrated in conjunction with functional improvement
following CNS injury (Zaaimi, Edgley et al. 2012, Bachmann, Lindau et al. 2014).
Reticulospinal axons may be uniquely suited to mediate anatomical detours
relaying cortical input around CNS damage to spinal interneurons due to the fact
that they project both excitatory and inhibitory inputs onto propriospinal neurons,
in contrast to cortiocospinal, vestibulospinal, and rubrospinal tracts which have
been shown to have almost exclusive excitatory inputs (Du Beau, Shakya
Shrestha et al. 2012, Brockett, Seenan et al. 2013), as identified based on
analysis of neurotransmitter phenotypes. Also with regard to the formation of de
novo circuits, the propriospinal cell bodies are in close anatomical approximation
to reitculospinal axon terminals in laminae VIl and VIII(Reed, Shum-Siu et al.

2006, Brockett, Seenan et al. 2013, Mitchell, McCallum et al. 2016)

Until recently, it was thought that reticulospinal input was required for
locomotion, although rythymic leg movements can still be seen in SCI rats after

5-HT antagonist application. Interestingly, un-injured rats showed no gait deficits

10



when given the same 5-HT antagonists . A major role for thoracic propriospinal
neurons in the indirect transmission of reticulospinal locomotor input was
demonstrated nicely in the neonatal rat (Zaporozhets, Cowley et al. 2006,
Cowley, Zaporozhets et al. 2010, Zaporozhets, Cowley et al. 2011) and
subsequently in the adult rat (Cowley, MacNeil et al. 2015) after contralateral
staggered transections abolishing supraspinal input to the lumbosacral cord. 5-
HT agonist application in the thoracic segments improved the locomotor patterns

even further.

With regard to their anatomical location, long descending propriospinal
axons travel in the periphery of the anterior and lateral funiculi (see Flynn et. al.,
2011), thus constituting part of the ‘outer rim’ of the spinal cord in which residual
axons have been reported in post-mortem studies of humans with clinically
classified motor-complete injuries(Kakulas and Kaelan 2015). A greater
percentage of long- as opposed to short propriospinal neurons were found to be
spared following a low thoracic contusion injury in rats, and perhaps importantly,
the number of spared axons did not differ significantly between injury severities

(Conta Steencken and Stelzner 2010).

In summary, the reticulospinal-propriospinal system has been shown to
play a significant role both in posture/locomotion, and in volitional movement, as
an alternative pathway for descending corticospinal input onto spinal motor- and
interneurons. Based on these physiological observations, as well as their

anatomical proximity, the location of descending axons, and reported sparing

11



following experimental injuries of different severities, both pathways deserve

increased study as it relates to recovery of motor function after spinal cord injury.

Descending propriospinal pathways have been studied in non-injured
humans using electrophysiological methods (Piesiur-Strehlow and Mienck, 1980,
Meinck and Piesiur-Strehlow, 1981a, Delwaide and Crenna, 1984b, Kagamihara
et al., 2003). These studies reported modulation of leg muscle excitability
consistent with evidence suggesting both spinal as well as a supraspinal reflex
pathways, differentiated by the latency at which the modulation was observed.
One study found that interlimb reflexes were observed during gait, but not during
sitting or standing, leading to the hypothesis that the spinal networks involved
could be flexibly engaged in a task-specific manner (Dietz, Fouad et al. 2001,
Dietz and Michel 2009). Studies examining the role of the arms in recovery of
locomotor function after SCI suggest that arm afferents provide task-specific
influence which can improve gait parameters and leg muscle activation patterns

after SCI (Visintin and Barbeau, 1994, Tester et al., 2011).
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CHAPTER I

DEVELOPMENT OF METHODOLOGIES FOR IDENTIFICATION OF
DESCENDING INFLUENCE ON LUMBOSACRAL MOTOR EXCITABILITY

Functional NeuroPhysiological Assessment (FNPA)

Background

The most widely utilized assessment tool for the characterization of motor
function after human SClI is International Society of Neurological Classification of
Spinal Cord Injury (ISNCSCI) American Spinal Injury Association Impairment
Scale (AIS) (Kirshblum, Waring et al. 2011). While this method of classification
has been shown to effectively classify SCI severity into broad categories which
correlate with functional ability (Middleton, Truman et al. 1998, Marino and
Graves 2004), several limitations exist which limit its utility in SCI research.
These include the subjectivity of motor and sensory scores, inability to designate
hyper- versus hypoesthesia within the ‘impaired’ score, the lack of motor
assessment for spinal levels T2-L1, and the inability to detect differences and/or
changes in neuromuscular control of multi-muscle activation patterns
accompanying functional tasks, which may be altered post SCI (Marino, Barros

et al. 2003, Marino and Graves 2004, McKay, Lee et al. 2005, Marino, Jones et

13



al. 2008, Kirshblum and Waring 2014). Limitations in the classification of injury
using the AIS are evident in the considerable functional heterogeneity that exists
within each classification (A-D) of the ISNCSCI (Sherwood, McKay et al. 1996,
Behrman, Ardolino et al. 2012, Buehner, Forrest et al. 2012). This issue is of
particular concern since AlS classifications are commonly used to stratify
participants in clinical intervention studies.

At present there is a need to develop quantitative and sensitive methods
for analysis of neuromuscular function below the level of SCI, which possess
sufficient sensitivity to 1) identify residual connectivity in descending motor
pathways which may underlie the observed voluntary movement in motor
complete individuals in the presence of epidural stimulation (Harkema,
Gerasimenko et al. 2011, Angeli, Edgerton et al. 2014) 2) aid in stratification of
subjects to reduce the considerable heterogeneity present within the SCI injury
spectrum which currently impedes the interpretation of basic science as well as
clinical studies in humans, and 3) detect subclinical changes in
neurophysiological status as a result of natural recovery or in response to a
specific intervention strategy (Ellaway, Kuppuswamy et al. 2011). Additional
quantitative, sensitive, and objective techniques for measurement of
neuromuscular function post SCI therefore represent a critical need both for
clinicians and researchers alike (Steeves2007, Boakye2012).

Objective assessment of SCI motor function using multi-muscle surface
EMG recordings during a standardized set of movement tasks and reflex tests,

termed the brain motor control assessment (BMCA), can provide a quantifiable

14



alternative to the subjective assessment of muscle strength used in the AIS
(Sherwood, McKay et al. 1996). This method is able to detect repeatable and
quantifiable increases in EMG activity with volitional effort in leg muscles graded
“0” (no visible or palpable contraction) on the AIS (Sherwood, McKay et al. 1996).
It was further demonstrated that motor recovery can be quantified in increased
EMG amplitudes in prime movers, decrease in co-activation, decrease in time
from onset to peak amplitude, as well as nhormalization of multi-muscle activation
patterns (McKay, Lim et al. 2004, McKay, Ovechkin et al. 2011).

In addition to the measurement of muscle activation in response to
specific volitional movement attempts, the BMCA also has provided evidence of
subclinical descending influence on lower limb muscle activation in subjects with
no detectable volitional activation below the injury (Dimitrijevic, Hsu et al. 1992).
Three different maneuvers/reflex tests have been used to identify residual
descending influence on segmental excitability after SCI, including reinforcement
maneuvers, tonic vibratory reflex testing, suppression of the plantar stimulation
(Babinski) response. Sherwood et al. (Sherwood, Dimitrijevic et al. 1992)
reported a positive finding in at least 1/3 maneuvers in 74/88 SCI participants
with no detectable volitional motor unit activation, suggesting residual sparing
may be present in a majority of individuals classified as motor complete.
Reinforcement maneuvers involve the generation of maximal voluntary
contraction in muscles above the level of injury. Three maneuvers were
standardized: deep breath and hold, neck flexion with resistance, and shoulder

shrug. These maneuvers were chosen since the muscles involved are all
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innervated by the high cervical segments and cranial nerves, meaning these
muscles would be unaffected by the vast majority of SCls. Positive responses
were identified by the appearance of delayed EMG activity in muscles below the
level of lesion, usually accompanied by extension of the extremities. Two
different types of positive responses were described, termed reinforcement
maneuver response 1 and 2, respectively (RMR1and RMRz2) (Dimitrijevic,
Dimitrijevic et al. 1984). RMR1was defined as low amplitude EMG activity
observed in 1-3 muscles, with an onset time of 0.8-1.2 seconds, while RMR2
occurs more commonly, consisting of larger amplitude activity in all muscles
tested, with an onset time of 2-3 seconds (Dimitrijevic, Dimitrijevic et al. 1984). It
was postulated that these positive responses represent “residual suprasegmental
influence...transmitted through widespread plurisegmental excitation of
interneurons, resulting in generalized excitation of spinal motor cells”
(Dimitrijevic, Dimitrijevic et al. 1984).

The tonic vibratory reflex consists of tonic muscle activation in response to
vibration of the same muscle, seen in neurologically intact human subjects (De
Gail, Lance et al. 1966). Experiments in the decerebrate cat revealed that the
reflex could be abolished by lesion of the lateral vestibulospinal and pontine
reticulospinal tracts (Gillies, Burke et al. 1971, Gillies, Burke et al. 1971), and
thus is thought to be mediated by supraspinal neuclei. Dimitrijevic and colleagues
reported volitional muscle activation was observed during tonic vibration in spinal
cord injured subjects who demonstrated no volitional activation ability otherwise

(Dimitrijevic, Spencer et al. 1977). In a similar study, the same group reported the
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presence of the reflex in 67 of 88 clinically complete SCI subjects (Sherwood,
Dimitrijevic et al. 1992).

Suppression of the Babinski response also has been suggested to identify
discomplete SCI. It is identified by a quantifiable reduction of EMG evoked by the
response during volitional suppression attempts as compared to the response
amplitude from trials in which the subject made no suppression attempt (Cioni,
Dimitrijevic et al. 1986). Of the three methods, suppression of the plantar reflex
was the most infrequently observed in discomplete subjects (Sherwood,
Dimitrijevic et al. 1992), and appears to be the least reliable, as a positive

Babinski response is not evoked in all individuals with SCI.

Protocol Development

In order to objectively quantify voluntary motor capacity and investigate
the prevalence and extent of subclinical motor activity in individuals with SCI, the
FNPA was developed as a modified and expanded version of the BMCA
protocol. The number of muscles from which EMG was recorded was expanded
to 16 muscles bilaterally (32 total), chosen to represent the maximum possible
number of spinal segmental levels (Fig. 1). EMG electrodes were placed mid-
belly (unless otherwise noted) on the following muscles bilaterally:
sternocleidomastoid, upper trapezius, scalene, biceps brachii, triceps brachii,
extensor carpi radialis, flexor carpi radialis, flexor digitorum profundus, adductor
policis brevis, abductor digiti quinti, external intercostals, rectus abdominus,
erector spinae, rectus femoris, adductor magnus, vastus lateralis, tibialis anterior,

soleus, extensor digitorum longus, and soleus. Electrode placement was altered
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for rectus abdominus, with placement just distal to ribs and approximately two
inches from midline. External Intercostal recording electrodes were placed at the
sixth intercostal space along the anterior axillary line. Erector spinae electrodes
were placed at the T10 vertebral level, two centimeters lateral from midline. The
ASIA exam does not include any motor tests for the thoracic segments, while the
BMCA protocol included axial muscles, but did not report analysis of these.
Further, the protocol was expanded to include volitional isolated movement
attempts for each muscle (Fig. 1). The protocol begins with 5 minutes of
relaxation for assessment of baseline EMG activity, followed by reinforcement
maneuvers. These consist of deep breath and hold, neck flexion with resistance,
and shoulder shrug (Sherwood, Dimitrijevic et al. 1992). In addition, bilateral
multi-joint leg flexion and extension attempts also are included to quantify
volitional activation in participants who can perform multiple, but not single joint
movements. Each maneuver is cued by a 3-second audible tone, with subjects
instructed to begin the attempt at the start of the tone, and relax when the tone
ended. Reflex tests include plantar stimulation, tests for ankle clonus, patellar
and Achilles tendon taps, and patellar and Achilles vibration. The EMG signals
are recorded on a 32-channel Eclipse Neurological Workstation (AXON Systems,
Inc., Hauppauge, New York, NY, USA) with a sampling rate of 2 kHz per channel

and a bandpass of 30 Hz to 2 kHz.

Volitional muscle activation after SCI
In order to assess the sensitivity of the FNPA in the identification and

quantification of voluntary muscle activity after SCI, we analyzed EMG from

18



volitional movement attempts in the biceps brachii, extensor carpi radialis longus,
triceps brachii, tibialis anterior, and soleus muscles to investigate their correlation
with AlIS motor score and classification in 24 participants (Li, Atkinson et al.
2012). As classed by the AIS, 10 patients were AIS A, 4 were AIS B, 2 were AIS
C, and 8 were AIS D (Table 1). AlIS examination was performed within 48 hours
of the FNPA in each participant.

To quantify responses, data are rectified and mean and root-mean-square
(RMS) values were calculated for each attempt per muscle. Averages and
standard deviations of mean and RMS values per muscle were calculated from
three attempts in all events except relaxation. Relaxation was divided into 30
second intervals. Average and standard deviation of mean and RMS values
were determined from 10 intervals in 5 minute of relaxation per muscle per
person. Data was down sampled to 20Hz for EMG envelope.

In 4 patients, EMG was recorded in muscles with an AIS motor score of
zero (Fig. 2). In addition, trunk muscle activity was directly assessed in SCI
participants, with EMG activity detected in 19/24 participants (cf. Fig. 2). Due to
scarcity of AIS motor scores 1-3 in our participant population (Table 2), group
comparisons of AIS motor score and RMS EMG activity was limited to AIS motor
scores of 0 and 5, except for the triceps brachii muscle, for which the AIS motor
score of 4 was also included. Group RMS values by muscle are provided in
Table 3 and visually presented in Figure 3. RMS values and AlS motor scores
were found to be well correlated overall, and in 4 of 5 individual muscles (Table

4). Difference in RMS values between muscles given an AlS motor score of 5
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and those given an AIS motor score of 0 was statistically significant for the
triceps brachii, tibialis anterior, and soleus muscles (p<.02), and approached
significance for the biceps brachii and extensor carpi radialis muscles (P=.059
and .052 respectively). Comparison of the RMS values with AlIS motor scores or
4 or 0 was made in the triceps brachii muscle, and these were also found to be
statistically different (p=.008). Additionally, sensitivity to changes in muscle
activation over time as quantified by EMG RMS values can be observed (Fig. 4).
In this representative example, an increase in EMG amplitude is noted for the
biceps muscle between the first and second assessment, both of which occurred
while the AIS motor score was 0.

The results of this study provided evidence that this approach can improve
the resolution of residual motor capacity after SCI. The detection of time-locked
EMG activity during repeated movement attempts in muscles given an AIS motor
score of 0 underscores this point. In fact, we identified such activity in two AIS A
participants, one of whom converted to an AIS B during the course of the study.
Whether neurophysiological examination can reliably predict the recovery of
motor function based on apparent subclinical EMG activity deserves further
study.

The inclusion of axial muscles innervated by the thoracic segments in this
study is also noteworthy. Currently the motor score distribution among AIS injury
levels between T2-L1 allows no distinction across this broad range of injury
levels, since the motor score is 50/100 for all such individuals (Graves,

Frankiewicz et al. 2006). In addition to the advantage of allowing objective and
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quantifiable characterization of motor capacity after SCI, the multi-muscle
recordings may be further analyzed to identify both quantitative and qualitative
differences in the spatiotemporal coordination of spinal motor pools from multiple
bilateral segmental levels (Lee, Lim et al. 2004, Lim, Lee et al. 2005, McKay, Lee
et al. 2005).

In summary, neurophysiological assessment of motor function after SCI
via multi-muscle surface EMG can provide a quantitative and sensitive alternative
for the characterization of motor function after human SCI. This method allows
detection of subclinical descending influence on motor activity, and importantly

can be used to objectively monitor change in function across time.

Development of neurophysiological pathways assessment

Background

While the FNPA can provide quantitative, sensitive assessment of
volitional motor capacity as well as identify subclinical sparing of descending
influence on spinal excitability, it is not designed to identify the specific
descending pathways/ neuronal populations involved. Electrophysiological
methods for investigating descending pathways exist, but typically are studied in
the presence of volitional or postural muscle activity, making them ill-suited for
the current purpose. Alternatively, some have studied descending influence using
a condition-test paradigm in which the effect of conditioning stimuli on spinal
motor excitability is determined by changes in the amplitude of the H-reflex. . The
H reflex is elicited via electrical stimulation of peripheral nerves to induce

excitation of peripheral afferents (group | in particular) which mediate segmental
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reflexes via mono- and oligosynaptic connections to motor neurons serving the
muscles from which the stimulated afferents project. nerve undergoing
stimulation (Magladery and Mc 1950, Magladery, Porter et al. 1951, Pierrot-
Deseilligny 2005). A major limitation to this technique, however, is that the H-
reflex is not reliably evoked in many muscles, making the soleus muscle the most
widely used for such studies (Zehr 2002). Since the soleus receives its
innervation from the S1 and S2 segments, information can only be obtained
related to changes within a single unilateral motor pool representing only the
most distal segments of the lumbosacral enlargement (Sharrard 1964, Kendall,
McCreary et al. 1983).

In order to gain more information as to the nature and extent of the
descending excitation and/or inhibition on the lumbosacral motor pools, multi-
segmental muscle responses (MMRs) evoked by transcutaneous spinal
stimulation were utilized, allowing us to monitor excitability changes in motor
pools throughout the lumbosacral enlargement, as represented by multiple,
bilateral, proximal and distal leg muscles (Courtine, Harkema et al. 2007,
Minassian, Persy et al. 2007). The use of an evoked response precludes the
need for volitional activation, and the finding that individuals with chronic, motor
complete SCI regain the ability to activate muscles volitionally in the presence of
epidural stimulation (Harkema, Gerasimenko et al. 2011, Angeli, Edgerton et al.
2014) suggests that electrical excitation of the lumbosacral circuitry may be

required for the observation of residual descending influence after chronic, motor
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complete SCI, as defined by the International Standards for Neurological
Classification of Spinal Cord Injury (ISNCSCI) (Kirshblum, Waring et al. 2011).
Single pulses of transcutaneous spinal stimulation delivered posteriorly
over the lumbosacral spinal cord evoke MMRs in bilateral proximal and distal
lower extremity muscles, via excitation of dorsal root afferents (Minassian, Persy
et al. 2007, Ladenbauer, Minassian et al. 2010). Evidence for the reflex nature of
MMRs has been reported: responses are inhibited by prior pulses indicating post-
actviation depression, as well as by vibration of the muscle tendon, and active
antagonist muscle contraction (Courtine, Harkema et al. 2007, Minassian, Persy
et al. 2007, Dy, Gerasimenko et al. 2010). Similarly, MMRs exhibit task- and
phase-dependent modulation during standing and stepping (Courtine, Harkema
et al. 2007, Hofstoetter, Minassian et al. 2008, Dy, Gerasimenko et al. 2010).
MMRs address some of the limitations inherent to H-reflex modulation studies,
making it well suited for reflex testing. Posterior roots are preferentially
stimulated, so no M-wave is generated and no antidromic volley exists which
would collide with the orthodromic reflex response. The site of stimulation for the
MMR overcomes some challenges associated with access to peripheral nerves
with H-reflex stimulation (Zehr 2002). Comparison of the H-reflex and MMR
during standing and ambulation in both healthy and spinal cord injured subjects
illustrates an advantage to the use of MMRs when probing the spinal motor
circuitry: this method allows for simultaneous detection of excitability modulation

at multiple segments, which can provide information about the level of network

23



integration and organization in response to specific sensory stimuli (Courtine,
Harkema et al. 2007, Hofstoetter, Minassian et al. 2008, Lavrov, Dy et al. 2008).
However, only a few studies have reported use of MMRs thus far, and these
have varied in methodology, leading to incongruent reports regarding the nature
of the responses following stimulation at a particular rostro-caudal location
(Minassian, Persy et al. 2007, Troni, Di Sapio et al. 2011, Roy, Gibson et al.
2012). Further, the extent to which MMRs might be optimized for use in studies
examining modulation in response to specific conditioning stimuli has not been
previously addressed. As discussed, MMR modulation has been demonstrated to
be analogous to that of the peripherally evoked H-reflex. However, to date none
of these studies has undertaken analysis methods which account for inherent
differences among motor pools, limiting and otherwise complicating interpretation
of this data. Such analyses are needed for a valid comparison of the effects
among individual muscles. We hypothesized that the characteristics of MMR
recruitment curves obtained from different leg muscles will reflect a relative
preferential activation of proximal or distal motor pools based on their rostro-

caudal arrangement along the lumbosacral enlargement (Fig. 5).

Characterization of MMR activation patterns evoked by transcutaneous spinal
cord stimulation

We first sought to characterize the selectivity of recruitment of lumbosacral
motor pools in uninjured individuals using transcutaneous spinal stimulation
along the rostro-caudal axis of the lumbosacral enlargement. What follows is a

synopsis of the results, which support the current studies, and have been
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published elsewhere (Sayenko, Atkinson et al. 2015). We obtained MMR
recruitment curves from bilateral RF, VL, MH, TA, MG, and SOL via surface
electrodes during stimulation at multiple rostro-caudal levels in 15 neurologically
intact participants. This was accomplished by placing the stimulating electrode at
the T10-T11, T11-T12, T12-L1, and L1-L2 interspinous spaces and, using 2 mA
increments, increasing the stimulation intensity from 2 to 100 mA, or the
maximum tolerable intensity. At each stimulation intensity, a minimum of 3 stimuli
were delivered.

The results demonstrated that the relative order of activation (i.e. the
relative increase or decrease in MMR threshold for a particular muscle) varied
predictably based on location of stimulation (fig. 6). Specifically, the thresholds of
knee muscles, whose motor pools are located more proximally within the
lumbosacral segments, were lower than distal muscles’ thresholds when
stimulation was delivered to more proximal segments (i.e. T10-T11, T11-T12)
while the reverse was true for more distal sites of stimulation.

In addition to the selective recruitment of proximal or distal leg muscles at
threshold intensities based on the site of stimulation, MMR thresholds in all
muscles increased as the site of stimulation was moved proximally. Further, and
in agreement with previous studies (Minassian, Persy et al. 2007, Troni, Di Sapio
et al. 2011, Roy, Gibson et al. 2012), the rostro-caudal level of stimulation also
appeared to affect the preferential activation of afferent structures, with the

potential of activation of motor fibers noted at more caudal stimulation locations

(Fig. 7).
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The location of stimulation also influenced the rate of recruitment as
measured by the slope of the recruitment curve (Fig. 8). Posterior leg muscles,
MH, MG, and SOL, consistently demonstrated greater rates of recruitment, which
agrees with known inter-muscle differences in sensitivity to afferent stimulation
(Edgerton, Smith et al. 1975, Meunier, Pierrot-Deseilligny et al. 1994, Pierrot-
Deseilligny 2005) likely to reflect intrinsic differences among motor pools relative
to functional roles.

Lastly, left-right asymmetry was noted (Fig. 9). In experimental sessions,
we attempted to minimize asymmetry by medial-lateral movement of the
stimulating electrode, however this had little to no effect on the observed
phenomena. This result appears to suggest the asymmetries noted are the result
of anatomical and/or physiological differences in individual muscles, although
interestingly the left-right MMR asymmetries within an individual did not appear to
be consistently related to handedness or a dominant functional side.

The results of this study demonstrated that MMRs could be evoked in
bilateral knee and ankle muscles, with predictable variance in threshold and
recruitment characteristics among muscles studied. It was shown that through
optimization of the location of stimulation, it is possible to evoke submaximal
MMRs in all muscles simultaneously, which is ideal for conditioning studies
(Crone, Hultborn et al. 1990). In particular, due to the relatively slower rate of
recruitment of proximal muscles VL and RF, and the potential for direct motor
contamination at more caudal levels or stimulation, a more proximal stimulation

location appears preferable. While previous studies of MMR modulation have
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identified a stimulation location based on bony landmarks, the present data
suggest that operationally, the location of stimulation may be better standardized
across individuals when identified based on relative MMR recruitment thresholds.
With regard to the use of MMRs in a condition-test paradigm, these implications

are discussed further in the next chapter.
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Table 1

Demographic and clinical characteristics in 28 patients with SCI*

Characteristic Full Sample (#  Motor complete Motor Incomplete  Neurologically
assessments) (AIS A & B) (AIS C & D) Intact
Sex:
Men 24 (58) 13 7 3
Women 4 (8) 1 3 1
Age: (y) 38 15
Injury Level
Cervical 17 8 9 NA
Thoracic 7 6 1 NA
Time Since SCI
(years)
<1 17
>1 7
14 10 4

NOTE: There were 28 total volunteers, who participated in 66 total assessments.
Of the 62 SCI assessments, 32 have an associated ASIA exam (within 3 days).

(Li et al., 2012)
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Table 2

Distribution of AIS motor scores at spinal cord levels corresponding to muscles

of interest.

Assoctated | Levet | 0 1 4 5
biceps C5 5 1 3 34
ECR C6 6 1 3 33
triceps C7 7 4 11 26
TA L4 35 0 7 17
Soleus S1 33 2 4 20
Total 86 8 28 130

29
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Table 3

Summary statistics of RMS EMG activity at each muscle of interest by ISNCSCI
motor score®.

Muscle | Level 0 1 2 3 4 5

Bicep G5 | 7171 7] 5.4 [48.55?.515.7] 1 9.27?.3?6.1] [32.27,51%1 9]
ECR C6 [4.25,'%.5] 29.2 [28.%?'24.1] [24.:31‘,1'50.8] [82.11‘,152.;6.9]
Tricep | C7 |y .4:,'2.0] [2.65,3.227.5] 0.7 7.2 [5.81,31.56.2] [13.3,31'91’5.8]
TA L4 [o.g,% 6] [4.8,913.2] 292 gy .g,2i714.5] [701.2?'1193]
Soleus | 1 [O.gﬁ 4 (;11 2] %68 39.6 [26.24,1.(?3.4] [22.57?'829.6]

*at the spinal cord level corresponding to the given muscle. Values are median
[interquartile extrema]. Empty cells indicate AIS motor scores not observed in our
sample. Cells with single numbers indicate ISNCSCI motor scores observed only

once.
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Table 4

Results of correlation test (nonparametric Kendall correlation test) and ISNCSCI
motor score group EMG comparison (nonparametric Kruskal-Wallis test)

Muscle Level Co"e'a(t;"l’)” (95% (|SNFC’:§:|:J=60 vs.
ISNCSCI=5)
Bicep C5 0.25 [-0.11, 0.60] 0.059
ECR C6 0.80 [0.42, 1.00] 0.052
Tricep c7 0.52 [0.34, 0.70] 0.02
TA L4 0.53[0.33, 0.73] <0.01
Soleus S1 0.51[0.28, 0.74] <0.01
Overall 0.85 (0.76, 0.95) <0.01
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Figure 1. Diagram and chart showing FNPA muscles and maneuvers.

i Spinal roots Muscle Maneuver AIS Maneuver
/ : CN XI, C1-C2 Sternocleidomastoid(¢1-3) Shoulder elevation
{ =S Cc3 Upper Trapezius(c3-4) Shoulder elevation
by c4 Scalene(€4-8) Forced inspiration
€5 Biceps Brachii Elbow flexion Elbow flexion
6 Extensor Carpi Radialis(©5-7) Wrist Extension Wrist extension
Flexor Carpi Radialis(“6-7) Wrist Flexion
o Extensor Digitorgm Communis(¢7- Finger extension
Triceps Brachii(¢7-8) Elbow extension Elbow extension
c8 Flexor Digitorum Profundus(c8-T1 Finger flexion Finger flexion
Abductor Pollicis Brevis(c8-T1) ) . ) .
T1 Abductor Digiti Quinti(c- Finger abduction Finger abduction
Trunk flexion
T2-TS Intercostals(c6-T10) Forced inspiration &
expiration
Trunk flexion
T6-9 Rectus Abdominus(T6-12) Forced inspiration &
expiration
3 C] T10-12 Erector Spinae Trunk extension
W 2
@. \ B L1 Paraspinal, lumbosacral (:1-51) Hip extension
t‘\-, €] 2% - . = >
(Cauda \_~ i D L2 Rectus Femoris Hip flexion Hip flexion
Equina) (:j \ ﬁ W L3 Vastus Lateralis(+2-4) Knee extension Knee extension
(,_;)/‘ ,%t ‘, L4 Tibialis Anterior(t4-5) Ankle dorsiflexion Ankle dorsiflexion
iy
) AL Extensor Digitorum Longus(t5-51), s .
/;/{, 3 LS Extensor Hallucis Longus(t5-s1) Long toe extension Long toe extension
/
147 =
® (15-52) : Ankle
& S1 Soleus Ankle plantarflexion plantatflaxion

Muscles assessed using both the FNPA and the ISNCSCI examination are listed
as well as the maneuvers used for testing and the spinal root level that each

muscle represents. AlS = ASIA Impairment Scale.

(Li et al., 2012)
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Flexor Digit. Profundus ‘ . | o ., ‘ | ‘ 13 & 2 2 2
Finger Flexion i d | T4 2 2 2 2
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Finger Abduction i hmmmw | [EEsREE = T6 0 0 0 0
External Intercostals b ahfinal N | toouy ‘ ey T7 0 0 0 0
Trunk Extension = 'JWWW‘JA i | me T8 0 0 0 0
Rectus Abdominus \ had fol [ ) 20w L | & il e a A T9 0 0 0 0
Trunk Flexion JJVWMW:f | "J'J‘wmw i ‘ T10 0 0 0 0
Erector Spinae N e g d ~’a\ Al T11 0 0 0 0
Trunk Exte;sion ——ron———-— 77% ki
|| TS | T12 0 0 0 0
Rectus Femoris 1000V
Hip Flexion B | | T L1 0 0 0 0
Vastus Laterali . 1000y L 0 0 0 0 0 0
u eralis ah |
Knee Extension P | L3 0 0 0 0 0 0
Tibialis Anterior ‘ o0 - L4 0j0 0pofofo
Ankle Dorsiflexion — T | — I'5 0 0 0 0 0 0
Extensor Digit. Longus | ew i S1 0 0 0 0 0 0
Toe Extension —— B 0 8 S2 0 0 0 0
Soleus S T T ‘ S3 0 0 0 0
Ankle Plantarflexion ;““""’“f"j‘*‘t“ T ‘ 7‘ . S4,5 0 0 0 0
) Seconps e 0 Seconps 2

Figure 2. FNPA voluntary movement results in a patient classified as T-4 ASIA.
The EMG activity shown (gray lines) represents the averaged EMG response
from 3 trials over time for primary muscles responsible for each corresponding
voluntary movement from the left (A) and right (B) sides. Each EMG response
was down-sampled to 20 Hz and rectified. The mean £ SD of 3 responses over
time was superimposed on the figure (black and red lines, respectively).
Corresponding muscle spinal levels (C), ISNCSCI motor scores (D), light touch
(E), and pinprick (F). The shaded gray area indicates the time of command for
the specific voluntary movement. This patient clearly shows repeatable, voluntary
muscle activity below the lowest intact motor and sensory level identified on the

ISNCSCI examination. Digit. = digitorum.

(Li et al., 2012)
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Figure 3. Boxplots of RMS EMG activity for muscles of interest by ASIA
Impairment Scale motor score.
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Motor score 5+ indicates noninjured individuals. The lines bisecting the boxes are
the medians; the edges of the boxes are the interquartile range (25th and 75th
percentiles); the edges of the whiskers represent the outlier-excluded range
(minimum and maximum, excluding outliers); the circles represent outliers, which

are points that lie beyond 1.5 * the interquartile range from the edge of the box.

(Li et al., 2012)
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Figure 4. Recovery of EMG in elbow flexor muscle after SCI.
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The EMG amplitude (in mV) for the averaged response from three 3-second trials
recorded from the left (L) and right (R) biceps brachii (BB) muscles at 7 days (A),
49 days (B), 175 days (C), and 279 days (D) post-SCI. Change in RMS values
for right and left biceps brachii from the same time points is shown in panel E.
Also shown are the dates of the ISNCSCI examinations for this patient (5, 37,
175, and 267 days postinjury) as well as the ASIA Impairment Scale (AIS)

classification for that examination.

(Li et al., 2012)
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Figure 5. Approximate location of individual muscles’ spinal motor pools within
the lumbosacral enlargement.

MH MG |
(ST) soL|MG| soL

S1

52

Based on Kendall et al., 1993 Based on Sharrard, 1964

Reconstruction showing the approximate location of transcutaneous electrical
spinal stimulation over the lumbosacral enlargement, and the location of the
motor pools based on the segmental charts provided by Kendall et al. (27) and
Sharrard (52). Figure created using data from Refs. 27 and 52. Triangle endings
in Kendall’s chart denote agreement of three to four sources out of six from the
anatomical and clinical data, whereas square ending bars denote motor pools’
localization agreed on in five or six sources. The numbers shown left at each
spinal segment are the average length in millimeters of the segment (52). VL,
vastus lateralis; RF, rectus femoris; MH, medial hamstring; ST, semitendinosus;
TA, tibialis anterior; SOL, soleus; MG, medial gastrocnemius; QUAD, quadriceps.

(Sayenko et al., 2015)
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Figure. 6. MMRs in one participant during transcutaneous electrical spinal

stimulation delivered at multiple lumbosacral levels.
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Arrows indicate the inflection points in the ascending fragments recruitment

curves.

(Sayenko et al., 2015)
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Figure 7. MMRs in one participant during transcutaneous electrical spinal
stimulation delivered at different intensities at three spinal levels.
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(MR). Note well-distinguished separation between ER and MR at lower
stimulation intensities, and a masked,“smoothed” division between them at
higher intensities. Red shadowed areas near the baseline on the top and bottom
traces on the left indicate the average magnitude plus 3 SDs before the stimulus
during stimulation at T12—-L1. B: area of the ERs and MRs during stimulation

delivered at each stimulation location.

(Sayenko et al., 2015)
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Figure 8. MMR rate of recruitment as quantified by slope of recruitment curves.
Pooled data of the maximal tangential slope of the ascending portions of

recruitment curves of right leg muscles at different locations of stimulation.
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(Sayenko et al., 2015)
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Figure 9. Left-Right asymmetry of MMRs.
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CHAPTER IlI

DESCENDING INTERLIMB MODULATION OF LUMBOSACRAL NETWORK
EXCITABILITY IN HUMAN

Introduction

Recent studies of electrical spinal stimulation have revealed that
individuals with chronic, motor complete spinal cord injury (SCI) retain the ability
to volitionally modulate spinal network excitability below the level of injury during
stimulation, resulting in the volitional movement of otherwise paralyzed limbs.
(Harkema, Gerasimenko et al. 2011, Angeli, Edgerton et al. 2014, Gerasimenko,
Lu et al. 2015). Of note is the rapid emergence of this ability following the
initiation of epidural stimulation, between 4-11 days in 3 participants (Angeli,
Edgerton et al. 2014). This finding suggests not only that spinal networks below
the level of injury maintain sufficient organization to integrate and execute
descending motor commands, but that some residual neural connectivity
between supraspinal centers and the lumbosacral circuitry likely exists in a
subset of individuals thought to have a motor complete SCI. Current clinical and
neurophysiological methods lack the sensitivity to measure, or appreciate
alterations to, pathway specific spinal transmission following neurological insult

or subsequent clinical rehabilitation.
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Increased resolution in neurophysiological measurement of descending
spinal projections is needed for the objective assessment of the extent of residual
and/or newly formed pathways projecting to sublesional spinal networks following
SCI, and evaluation of their role in functional recovery. The current approach is
based on non-invasive, transcutaneous electrical spinal stimulation, and
designed to characterize the convergence of descending interlimb and peripheral
afferent projections onto lumbosacral motor neurons. The proposed types of
analyses are crucial to further our understanding of the structural and functional
reorganization strategies of the human brain and spinal cord after neurological
disorders or lesions. Additionally, the extent to which MMR methodology might
be optimized for this purpose, and the development of analysis techniques
allowing meaningful and contextual comparisons of conditioning effects in

heteronymous motor pools has not been previously addressed.

The aim of the present study was to evaluate the neuromodulatory effects
of descending interlimb pathways on the motor excitability of the lumbosacral
circuitry, in order to characterize propriospinal influence on the excitability of
lumbosacral motor pools projecting to proximal and distal leg muscles. We
hypothesized that: 1) conditioning effects on the soleus MMR would be
analogous to those observed in the H-reflex, 2) and descending interlimb
pathways can be engaged to modulate the amplitudes of multiple bilateral leg
MMRs via ulnar nerve electrical stimulation in neurologically intact human

participants.
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Experimental Procedures

Participants

15 volunteers (6 male and 9 female; mean £ SD: age 29.1 + 5.3 yrs.,
height 168 + 8 cm, body mass 68.7 + 12.9 kg) with no history of neurological
injury or disease participated in the study. Written informed consent was obtained
from all participants. The present study conformed to the standards set by
the Declaration of Helsinki, and the procedures were approved by the University

of Louisville (KY, USA) institutional review board the local ethics committee.

Electromyography

Surface EMG signals were recorded bilaterally in rectus femoris (RF),
vastus lateralis (VL), medial hamstrings (MH) (semitendinosus), tibialis anterior
(TA), medial gastrocnemius (MG) and lateral soleus (SOL) muscles, using
bipolar pre-amplified surface electrodes (Motion Lab Systems, Baton Rouge, LA,
USA) with fixed inter-electrode distance of 17 mm. The reference electrode was
placed over the middle 1/3 of the left tibia. The EMG signals were differentially
amplified using MA300 EMG System (Motion Lab Systems, Baton Rouge, LA,
USA) with a band-pass filter of 10 Hz to 2 kHz (-3 dB). The EMG data were

digitized at a sampling rate of 5000 Hz.

Soleus H — reflex
Soleus H- and M-responses were obtained using a custom-built constant
current stimulator (0-100 mA, 200 V) to deliver single, 1ms, monophasic square-

wave pulses every 6 seconds, via a monopolar surface electrode positioned over
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the posterior tibial nerve in the popliteal fossa. Recruitment curves for soleus H-
and M-responses were obtained as follows: stimulation began at subthreshold
intensities and was increased at 1-2 mA increments until a plateau in the M-

response was observed.

Multisegmental muscle responses (MMRS)

The same stimulator used for H-reflex experiments was used to apply
transcutaneous electrical spinal cord stimulation with the cathode (conductive
rubber electrode, 18 mm diameter) placed on the skin between the spinous
processes of the T10 and L2 vertebrae at the midline. Two 5 x 9 cm self-
adhesive electrodes (Pro-Patch, Taiwan) were used as anodes, placed bilaterally
over the anterior superior iliac spine (Courtine, Harkema et al. 2007, Dy,
Gerasimenko et al. 2010). Participants were placed in prone position on a
hospital bed. Spinous processes were palpated and the interspinous spaces
between the spinous processes of T10-T11, T11-T12, T12-L1, and L1-L2 were
marked. Once the cathode was affixed over a specific interspinous space, the
participant was moved to a supine position for the remainder of the study.
Stimulation consisted of single, 1ms, monophasic square-wave pulses delivered
every 6 seconds. Electrical stimulation began at an intensity which was
subthreshold for all muscles, and then increased at 2 mA increments, with 3
stimuli presented at each increment up to 100 mA, or the maximum tolerable
intensity. Recruitment curves were then generated by plotting the MMR
amplitude as a function of stimulus intensity. Recruitment threshold for a

particular motor pool varied predictably during spinal stimulation at different
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rostro-caudal locations (figure 10). More rostral stimulation sites resulted in
recruitment of more rostrally located motor pools (i.e., VL) at lower stimulation
intensities, while more caudal stimulation sites similarly resulted in earlier
recruitment of caudal motor pools (i.e., SOL). In each participant example, one
location of stimulation resulted in a range of stimulus intensities at which
submaximal MMRs could be evoked in both proximal (VL) and distal (SOL) motor
pools. In the participant represented in panel A, this was identified as the T10-
T11 level, while the participant represented in panel B demonstrates this
recruitment pattern at T11-T12. As such, location of stimulation for conditioning
experiments was determined by the recruitment pattern of MMRs, as opposed to
using a bony landmark for site selection. As a result, the location of stimulation
selected for conditioning experiments varied across patients, with spinal
stimulation provided at T9-T10 (n=1), T10-T11 (n=8), T11-T12 (n=7), and T12-L1

(n=1).

Ulnar nerve stimulation

Ulnar nerve stimulation was applied just proximal to the elbow on the
ventromedial surface of the arm via bipolar stimulating electrode of fixed inter-
electrode distance of 30 mm (MLADDF30, AD Instruments, New Zealand) using
a constant current stimulator (DS5, Digitimer®, UK). Motor threshold for the
abductor digiti minimi was identified, and the conditioning stimulation was
delivered at 3x motor threshold intensity (Meinck and Piesiur-Strehlow 1981,
Gorodnichev, Pivovarova et al. 2012), via three 1ms square wave pulses with

inter-stimulus interval of 1ms.
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Experimental protocols

To confirm the suitability of MMRs for conditioning experiments, the
effects of ulnar nerve stimulation on the amplitudes of the soleus H-reflex and
MMR were compared in four participants. The test H-reflex amplitude was 20—
30% of M max (Crone, Hultborn et al. 1990), then the amplitude of the MMR was

matched.

MMR recruitment curves were obtained from multiple rostro-caudal
locations in 11 participants. In order to standardize the procedure across
participants, location of stimulation used in conditioning experiments was
subsequently selected based on order of MMR recruitment (i.e. the approximate
spinal level of stimulation, as opposed to a fixed location relative to a vertebral
level). Further, to optimize the technique, we studied the conditioning effects of
ulnar nerve stimulation on MMRs of varying magnitude in 8 participants.
Conditioning bouts were conducted at multiples of the MMR threshold intensity

(x1.2, x1.4, x1.6, x1.8, x2.0).

The time-course of ulnar stimulation induced facilitation was studied, using
condition-test intervals of 40, 50, 60, 70, 90, 110, 125, 140, 160, and 190ms. All
experimental bouts began with spinal stimulation only, at a rate of one every 6
seconds. Following collection of 10 unconditioned MMRs, conditioning
stimulation at the ulnar nerve was initiated, with condition-test-intervals presented
randomly. Each condition-test interval was presented a total of 10 times, along
with at least 10 interspersed controls. Following completion of the conditioning

stimuli, 10 additional unconditioned MMRs were recorded.
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Data analysis

The magnitude of H-reflexes and MMRs were quantified as the peak-to-
peak amplitude of the evoked responses. Recruitment curves were modeled by
a 3-parameter logistic (3PL) non-linear mixed effects models. Subject- and
muscle-specific estimates of the recruitment curve parameters — (1) the
maximum MMR amplitude (MMRmax), (2) MMR amplitude at the maximum rate
of recruitment (RRmax), and (3) the midpoint of the curve were generated from

the best linear unbiased predictions from the mixed effects model.

Response amplitudes from conditioning experiments were modeled with a
nested, mixed effects analysis of covariance (ANCOVA). The primary fixed
effects were the latency of the condition-test interval (unconditioned, 40ms,
50ms, etc.) and muscle, a 12-level factor. The best linear unbiased predictions
estimates of MMRmax, RRmax, and the recruitment curve midpoint were also
included as fixed effects in the model to adjust comparisons of control and
conditioned responses for the features of each subject’s recruitment curve. Two-
way interactions between the muscle fixed effect and each other fixed effect were
included. The model intercepts were included as random effects within muscle
within subject, so that linear contrasts comparing control and conditioned
responses were conducted within muscle and subject. Conditioned responses
were compared between left and right sides via linear contrasts applied to the

fitted linear mixed effects model.

A targeted analysis of the relationship between conditioning effects and

the magnitude of stimulation relative to RRmax was conducted on 8 subjects
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(see methods). A linear mixed effects model was employed to test the
relationship between the magnitude of the conditioning effect and the intensity of
stimulation relative to RRmax. Analyses were conducted in the open-source R
software package (R Core Team (2015). R: A language and environment for
statistical computing. R Foundation for Statistical Computing, Vienna, Austria.

http://www.r-project.org/) using the nlme library for mixed effects models

(Pinheiro 2000). All significance tests were conducted at the .05 level.

Results

Ulnar nerve stimulation modulates the amplitude of soleus H-reflex and MMR
H-reflexes and MMRs displayed similar characteristics in recruitment
curves and modulation via ulnar nerve stimulation. Recruitment curves of the H-
reflex (figure 11A) and MMR (figure 11B) were recorded in the SOL during the
same experimental session in four participants. Stimulation of the ulnar nerve
prior to induction of either the H-reflex or MMR in the SOL resulted in an increase
in response amplitude (figure 11C, D). Facilitation of the reflex responses began
at condition-test intervals of 50ms/60ms, and reached a maximum at condition-
test intervals of 100ms/110ms, for the H-reflex and MMR respectively, and was

observed in all participants tested (figure 11E, F).

Multi-segmental muscle responses (MMRs), evoked in multiple bilateral
leg muscles via transcutaneous spinal cord stimulation, are known to share
several properties with the well-studied H-reflex, including (i) suppression of the
responses by tendon vibration (Courtine, Harkema et al. 2007, Minassian, Persy

et al. 2007, Dy, Gerasimenko et al. 2010) (ii) the presence of reciprocal inhibition
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between antagonists (Minassian, Persy et al. 2007, Hofstoetter, Minassian et al.
2008), (iii) facilitation of the responses during voluntary agonist contraction
(Minassian, Persy et al. 2007, Hofstoetter, Minassian et al. 2008), (iv) task- and
phase- dependent modulation during standing and gait (Courtine, Harkema et al.
2007, Hofstoetter, Minassian et al. 2008, Dy, Gerasimenko et al. 2010), and (v)
facilitation when conditioned by transcranial magnetic stimulation over the motor

cortex (Wolfe, Hayes et al. 1996, Roy, Bosgra et al. 2014).

Ulnar nerve stimulation-induced modulation of bilateral leg MMRs

Significant facilitation of bilateral leg MMRs in response to ulnar nerve
stimulation was observed in all analyzed muscles in all participants as
exemplified in figure 3A. Group analyses demonstrated a pattern of facilitation in
all muscles, beginning as early as the 40ms condition-test interval-the earliest
interval tested, and exhibiting at least two peaks: the first and largest occurring at
the 90ms condition-test interval (p<.0001), and the second at the 140ms
condition-test interval (p<.001) (figure 12B). Across muscles, MH, VL, MG, and
SOL demonstrated similar magnitudes of facilitation for a given condition-test
interval, while RF and TA demonstrated a relatively smaller magnitude response
to conditioning stimuli (figure 12B). In addition, significant differences were found
between ipsi- and contralateral muscles at the 60ms condition-test interval in MH,
VL, MG, and SOL, wherein the muscles ipsilateral to the side of ulnar nerve
stimulation demonstrated a greater magnitude of facilitation (p<.01)( figure 12B).
Little to no modulation was seen at this condition-test interval in RF and TA.

Additionally, significant left-right differences were also found for MH at condition-
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test intervals of 90 and 110ms, and for VL at condition-test intervals of 50, 70,

110, and 160ms (p<.01) (figure 12B).

Magnitude of conditioning effect was related to rate of recruitment

Conditioning experiments at multiple spinal stimulation intensities allowed
observation of the conditioning effect on MMRs of different amplitudes (figure
13). When comparing the stimulation intensities used in the conditioning
experiments (figure 13A) to the rate of recruitment at the point on the recruitment
curve corresponding to those stimulation intensities (figure 13B), it can be seen
that the greatest magnitude of conditioning always occurred at or near the

maximum rate of recruitment.

In order to identify the test responses resulting in the greatest absolute
magnitude of facilitation, the amplitude of unconditioned MMRs was subtracted
from that of the conditioned MMRs, and divided by the RRmax, which was
defined as the MMR amplitude at the point in the recruitment curve where the
maximum rate of recruitment was observed (figure 14). Normalization of the
MMR amplitudes revealed that the magnitude of facilitation was related to the
size of the test MMR (p<.01), with the effect peaking at test reflex amplitudes

equal to RRmax (figures 14, 15).

Discussion
The present study establishes the utility and sensitivity of transcutaneous
spinal stimulation in human neurophysiological studies as a tool for the objective
characterization of the neuromodulatory effects of a specific descending motor

system on multiple bilateral lumbosacral motor pools. Facilitation of MMRs
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recorded from bilateral knee and ankle muscles, resulting from the convergence
of descending interlimb and lumbosacral afferent volleys is demonstrated.
Criteria were identified for standardization and optimization of MMR
methodology, and analyses methods are presented which allow physiologically

valid comparisons of the conditioning effects among individual motor pools.

Descending interlimb modulation of leg MMRs

Significant facilitation of leg MMRs was elicited by stimulation of the ulnar
nerve (figures 12, 13). The evidence for descending interlimb modulation of the
reflex excitability of motor neurons within the lumbosacral enlargement to date
has been largely limited to the soleus muscle H-reflex (Piesiur-Strehlow and
Meinck 1980, Meinck and Piesiur-Strehlow 1981, Delwaide and Crenna 1984,
Kagamihara, Hayashi et al. 2003), representing just one unilateral motor pool
(Sharrard 1964, Kendall, McCreary et al. 1983).

The extent to which descending excitation from unilateral upper limb
afferents converges with lumbosacral afferent input to modulate bilateral spinal
motor neuron excitability throughout the lumbosacral enlargement has not
previously been reported. The current results extend the existing findings,
demonstrating the convergence of descending and afferent inputs in bilateral

motor pools spanning the lumbosacral enlargement.

Neural pathways mediating descending modulation of spinal motor excitability
The overall time-course of facilitation in the current study, with facilitation
beginning at 40-50ms and peaking at 90ms, followed by a second peak in

facilitation at 140ms, was observed in all muscles studied (figure 12). The
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conditioning effect first reached statistical significance at the 40ms condition-test
interval in VL and SOL, and at the 60ms condition-test interval was significant in
all muscles except TA (figure 12B). After accounting for afferent conduction, this
represents a central conduction time of ~25-45ms, consistent with a fast
conducting, directly descending propriospinal tract (Piesiur-Strehlow and Meinck
1980, Meinck and Piesiur-Strehlow 1981, Zehr, Collins et al. 2001, Butler,
Godfrey et al. 2016). Transcutaneous stimulation of dorsal root afferents at the
C4 and T9 vertebral levels has been shown to result in the same facilitation
pattern when conditioning the H reflex, with T9 stimulation producing the effect at
shorter condition-test intervals, implying a directly descending propriospinal
pathway at short latencies (Meinck and Piesiur-Strehlow 1981). Short latency
facilitation (<60ms) was of significantly greater magnitude in ipsilateral leg
muscles (figure 12), consistent with previous propriospinal studies both in the cat
(Schomburg, Meinck et al. 1978) and in humans (Meinck and Piesiur-Strehlow
1981, Sarica and Ertekin 1985, Butler, Godfrey et al. 2016). The long ascending
and descending propriospinal pathways, first identified and extensively studied in
animals, are known to be important in forelimb-hind limb coordination (Lloyd and
Mclintyre 1948, Gerasimenko, Musienko et al. 2009, Cowley, Zaporozhets et al.
2010). Neurophysiological studies of human interlimb reflexes provide mounting
evidence for the direct propriospinal mediation of task-specific modulation of
motor excitability in arm and leg muscles during repetitive tasks requiring
interlimb coordination (Suzuki, Nakajima et al. 2014, Sasada, Tazoe et al. 2016,

Suzuki, Nakajima et al. 2016).
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Several have noted the seemingly fixed pattern of facilitation in the soleus
H-reflex in response to stimulation of a wide variety of both ipsi- and contralateral
upper limb and trunk cutaneous and mixed peripheral nerves (Meinck and
Piesiur-Strehlow 1981, Delwaide and Crenna 1984, Zehr, Collins et al. 2001,
Kagamihara, Hayashi et al. 2003, Zehr, Frigon et al. 2004). Facilitation observed
at longer condition-test intervals (=100ms), likely reflects oligosynaptic,
supraspinally mediated reflex pathway(s) (Delwaide and Crenna 1984, Delwaide
and Schepens 1995, Kennedy and Inglis 2001, Kagamihara, Hayashi et al.
2003). As such, it seems likely that reflex pathways involving multiple descending
tracts may be represented in the time-course of the facilitation, with directly
descending propriospinal pathways responsible for the early facilitation, and
facilitation at longer latencies attributable to a startle response (Meinck and
Piesiur-Strehlow 1981, Dragert and Zehr 2009). A subpopulation of long
descending propriospinal neurons located in the cervical enlargement, with
ascending collateral projections to the reticular formation and/or cerebellum has
been described in mammals (Skinner, Nelson et al. 1989, Verburgh, Kuypers et
al. 1989), and would be well suited to mediate both the short- and long latency

facilitation observed.

Magnitude of MMR modulation is dependent upon rate of recruitment

The rate of recruitment of an individual muscle’s MMR was significantly
related to the presence and magnitude of modulation (figures 13-15). MMRs from
all muscles exhibited the greatest magnitude of facilitation when the amplitude of

the test MMR was at or near RRmax (figures 13-15). This relationship allows
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normalization of conditioning results relative to the proportion of each motor pool
excited by the test stimulus. The maximum rate of recruitment, which was
quantified as the maximum slope of the recruitment curve, has been shown to
vary across motor pools (Sayenko, Atkinson et al. 2015). The rate of recruitment
can be understood as the sensitivity of a motor pool to incremental increases in
excitatory afferent input. It was previously demonstrated that MH, VL, MG, and
SOL consistently exhibit greater maximum rates of recruitment as compared with
RF and TA, with the same muscles exhibiting the greatest magnitude of

facilitation in response to ulnar nerve stimulation in the current study (figure 12).

The current results could be interpreted as evidence that significant
overlap exists in the projection patterns of both the descending interlimb and
peripheral afferent excitatory inputs directly onto motor neurons within a given
motor neuron pool. However, the consistent nature and extent of facilitation
observed in heteronymous muscles when the excitability of the lumbosacral
circuitry was altered by transcutaneous spinal stimulation is in contrast to that
observed in a similar study in which descending reflexes were identified in
quiescent knee and ankle flexor and extensor muscles via modulation of baseline
EMG. Under these conditions, less than 25% of all muscles studied
demonstrated descending interlimb modulation (Butler, Godfrey et al. 2016). As
such, it seems more likely that descending interlimb and multisegmental afferent
inputs are integrated by pre-motor interneurons, thus modulating the excitability
state of the entire motor neuron pool. Pre-motor convergence has been reported

in studies evoking cortical and peripheral volleys, with the short lumbar
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propriospinals located in the rostral lumbar segments implicated (Marchand-

Pauvert, Simonetta-Moreau et al. 1999, Pierrot-Deseilligny 2005).

Optimization of stimulation location

Here the location for transcutaneous spinal stimulation was selected
based on the order of recruitment of spinal motor pools. Specifically, we selected
a stimulation location in which activation thresholds of proximal muscles (L2-L4)
were observed at lower stimulation intensities relative to distal leg muscles (S1-
S2) (figure 10). This ensured that stimulation was applied along the most rostral
portion of the lumbosacral enlargement, in order to standardize the procedure
across participants, as well as to minimize the possibility of stimulation of mixed
peripheral nerves from the most rostral segments as they descend outside the
spinal cord (Minassian, Persy et al. 2007, Troni, Di Sapio et al. 2011, Sayenko,
Atkinson et al. 2015).

Previous studies of MMR modulation have selected the site of stimulation
location based on bony vertebral landmarks, typically the T11-T12 interspinous
space (Courtine, Harkema et al. 2007, Hofstoetter, Minassian et al. 2008, Dy,
Gerasimenko et al. 2010). Anatomical variability in the level of termination of the
spinal cord with reference to the spinal vertebrae has been demonstrated (Troni,
Di Sapio et al. 2011), so use of a bony landmark likely leads to variability with
respect to order of recruitment of MMRs across participants, as has been
demonstrated previously (Troni, Di Sapio et al. 2011, Sayenko, Atkinson et al.

2015) and in the current study.

Limitations
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While there are several advantages in the use of MMRs to monitor motor
neuron excitability in electrophysiological studies, some limitations remain.
Notably, in H-reflex studies, the M-wave provides a measure of the consistency
of the test response. Since transcutaneous spinal stimulation does not produce
an M-wave, there is no simple method for monitoring the unconditioned MMR

amplitude throughout a conditioning bout.

Although we sought to assess descending propriospinal influence on the
lumbosacral motor circuitry, the current data do not allow elimination of other
descending tracts as potential contributors to the observed effects. However,
ongoing studies on the influence of other major descending tracts on lumbosacral
motor neuron excitability will improve our understanding of the
facilitation/inhibition profiles of different descending tracts. As our methods were
designed to be easily transferred to a clinical population with limited mobility, a
supine testing position was ideal. However, this limits our ability to interpret the

behavioral relevance of the interlimb modulation observed.

Future directions

There is a need for more sensitive measures of residual and subclinical
neural connectivity following SCI than are currently available. Assessment of
descending pathway viability after disease/injury of the central nervous system
can provide increased resolution regarding the nature and severity of injury with
respect to the descending motor systems. Studies of epidural spinal cord
stimulation following chronic motor-complete SCI suggest that sub-clinical neural

influence on lumbosacral motor pools exists following even severe SCI (Angeli,
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Edgerton et al. 2014). The current study, in conjunction with ongoing studies of
other descending motor pathways, including vestibulospinal, reticulospinal, and
corticospinal tracts, can reveal new insights into the influence of descending
tracts on the lumbosacral motor circuitry, as well as their potential reorganization
to restore functional cortical connections to the lumbosacral circuitry following
SCI. Identification of residual and/or de novo descending pathways capable of
influencing spinal excitability, as well as the neuronal populations involved, is
necessary to further our understanding of the mechanisms involved in the spinal
stimulation-dependent restoration of volitional motor function after SCI (Angeli,
Edgerton et al. 2014). Further, identification of residual descending influence in
clinical populations can reveal potential therapeutic targets to researchers and

clinicians.

Conclusions
In summary, the current work uncovers the capacity of the descending

interlimb pathways to modulate the excitability of spinal motor pools throughout
the lumbar enlargement. These findings reveal the multi-segmental and bilateral
influence of cervical afferents on lumbosacral motor neuron pools, and support
the existence a descending propriospinal system in humans. As compared with
previous studies, the methods described allow detection of descending interlimb
influence on motor excitability, providing quantitative assessment of descending
spinal transmission after neurological insult. As neurological injuries are
frequently asymmetric in presentation, the described techniques are of value to

studies evaluating the degree of symmetry of intact descending motor projections
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and their relationship to functional abilities and/or limitations post injury. Further,
we demonstrated that optimization of the MMR methodology could maximize the
sensitivity of this approach, allowing intra- and interlimb comparisons among
individual muscles, which can be interpreted within the context of each motor

pool’s relative excitability state.
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Figure 10. MMR recruitment curves for the VL and SOL muscles in two

representative participants
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MMR recruitment curves for the VL and SOL muscles in two representative
participants (A, B) at three different spinal stimulation locations: T10-T11, T11-
T12, and T12-L1. The vertical lines indicate the RRmax for VL (hashed) and SOL

(solid).
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Figure 11. Conditioning of soleus H-reflex and MMR via ulnar nerve stimulation
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Recruitment curves for the H-reflex (A) and MMR (B). Empty circles represent
reflex responses and filled circles represent direct motor responses. Average of
10 unconditioned (black) and 10 conditioned (red) H-reflexes (C) and MMRs (D)
recorded in the right soleus of a representative participant. Conditioning results
over a range of condition-test intervals (CTls) for H-reflex (E) and MMR (F) of the

representative participant. Group conditioning results over a range of CTls for H-

reflex (G) and MMR (H).
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Figure 12. Conditioning effect of ulnar nerve stimulation on leg MMRs
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(A) Unconditioned (black) and Conditioned (red) MMRs (10 responses each) for
RF, VL, MH, TA, MG and SOL in a representative research participant. (B) Group
data (n=15) detailing the conditioning effect by muscle and condition-test interval
(CTI). Values above the shaded area are statistically significant. Significant
differences between left (contralateral) and right (ipsilateral) muscles are

indicated by an asterisk.
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Figure 13. Relationship between MMR rate of recruitment and conditioning effects
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(A) Average of 10 unconditioned (black) and 10 conditioned (red) MMRs from 6 different muscles at 5 different
spinal stimulation intensities in a representative participant. The condition-test interval is 90ms. Amplitude of the
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Recruitment curves for each muscle are plotted (empty circles). The black line represents the estimated
recruitment curve. The red line gives the estimated rate of recruitment (right y-axis). Vertical dashed lines denote

the spinal stimulation intensities of each conditioning bout depicted in panel A.
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Figure 14. Conditioning results from the individual example given in figure 13
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Figure 15
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CHAPTER IV

INTERLIMB REFLEXES REVEAL DESCENDING MODULATION OF SPINAL
EXCITABILITY AFTER HUMAN SPINAL CORD INJURY

Introduction

Spinal Cord Injury (SCI) in humans may result from a variety of different
injury mechanisms, resulting in variable muscle paralysis and/or paresis based
on the location and severity of injury. One of the primary determinants of
rehabilitative prognosis is the existence and prevalence of motor function below
the level of injury (Kirshblum and O'Connor 1998, 2008). Currently, clinicians
frequently rely on subjective assessment of residual motor function in a limited
set of muscles for determination of spared motor function after SCI (Kirshblum,
Waring et al. 2011).

Both neurophysiological (Dimitrijevic, Hsu et al. 1992, Sherwood,
Dimitrijevic et al. 1992) and anatomical evidence (Bunge, Puckett et al. 1993,
Kakulas 1999) has long suggested that residual descending connectivity
between supraspinal structures and the intact spinal circuitry below the level of
lesion, which cannot be detected upon clinical examination, exists in a subset of
individuals clinically diagnosed as having a motor complete lesion. However the

clinical relevance of these findings seemed insignificant until reports of human
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epidural spinal stimulation after chronic, motor complete SCI provided compelling
evidence that these residual pathways may be capable of mediating volitional
movement when the functional state of spinal circuitry is enhanced (Harkema,
Gerasimenko et al. 2011, Angeli, Edgerton et al. 2014).

Despite the known heterogeneity of injury mechanism and subsequent
clinical presentation associated with human SCI (Behrman, Ardolino et al. 2012),
until recently little has been done to investigate the viability of specific
descending spinal tracts after human SCI, with the exception of the corticospinal
tracts. Recent studies have demonstrated that residual descending influence can
be electrically evoked through corticospinal, vestibulospinal, and descending
interlimb pathways, however response rates in motor complete SCI individuals
has been minimal in muscles innervated by the lumbosacral enlargement
(Barthelemy, Willerslev-Olsen et al. 2015, Butler, Godfrey et al. 2016, Squair,
Bjerkefors et al. 2016). As discussed by the authors, electrically evoked
responses in quiescent muscles may be difficult to obtain even in neurologically
intact individuals, with the problem being compounded after SCI. While volitional
contraction may improve response rates, spinal cord injured individuals with
motor complete injuries are unable to volitionally activate muscles below the level
of injury. As an alternative, a condition-test paradigm allows for the effect of
descending volleys to be investigated in sub-lesional motor pools in which the
excitability is electrically modulated. As such, we developed electrophysiological

methods for the comprehensive investigation of descending tract-specific
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influence on lumbosacral motor neuron excitability utilizing transcutaneous spinal
electrical stimulation (Atkinson et al., 2016, submitted).

In the current study, we sought to identify descending propriospinal
influence on lumbosacral motor excitability after chronic SCI in human. We
assessed descending propriospinal function through the induction of interlimb
reflexes, thought to be mediated by propriospinal neurons (Atkinson et al., 2016,
submitted)(Meinck and Piesiur-Strehlow 1981, Zehr, Collins et al. 2001), in order
to evaluate descending influence on spinal motor excitability. In order to assess
the relevance of residual descending interlimb inputs after SCI to motor recovery,

volitional muscle activation of bilateral leg muscles was also evaluated.

Methods

Participants

18 volunteers (16 male and 2 female; mean + SD: age 29.6 + 7.1 years,
time since injury 4.7 + 3.1 years) participated in the study. Only individuals with
upper motor neuron lesion were included, with the level of injury as follows:
C2=1, C4=4, C5=3, C6=1, C7=1, T2=3, T4=4, and T6=1. The Participants’ injury
severity was assessed clinically via the International Standards for the
Neurological Classification of Spinal Cord Injury (ISNCSCI) American Spinal
Injury Association Impairment Scale (AlS). According to the exam, subjects were
classified as motor complete (AIS A, n=5), motor complete and sensory
incomplete (AIS B, n=4), or motor and sensory incomplete (AlS C, n=4, and AIS
D, n=5) (Table 5). Written informed consent, approved by the University of
Louisville (KY, USA) institutional review board, was obtained from all participants.
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Functional Neurophysiological Assessment (FNPA)

In order to objectively identify the presence of volitional muscle activation
following SCI, participants’ ability to generate volitional activation in muscles
innervated below the level of lesion was assessed via functional
neurophysiological assessment. As descried in detail elsewhere, assessment is
based on a rigidly administered, standardized protocol allowing reliable
characterization of the extent of volitional motor control, as well the existence of
subclinical descending influence on spinal motor excitability below the lesion.
Briefly, participants are positioned in supine, and instructed in the performance of
standardized movement attempts (3 trials each) targeting each of 16 muscles
recorded bilaterally, chosen to represent motor pools throughout the cervical,
thoracic, and lumbosacral segments. Reinforcement maneuvers and tonic
vibratory reflex are assessed for determination of residual descending influence
in the absence of volitional muscle activation, identifying ‘discomplete’ injury, in
addition to patellar and Achilles tendon stretch reflex tests, and assessment of
ankle clonus.

Surface EMG signals were recorded bilaterally from sternocleidomastoid
(SCM), upper trapezius (UT), biceps brachii (BB), triceps brachii (TB), extensor
carpi radialis (ECR), flexor digitorum profundus (FDP), abductor digiti quniti
(ADQ), external intercostal (IC6 - 6! intercostal space), rectus abdominus (RA),
erector spinae (EST10 - lateral to T10 spinous process), rectus femoris (RF),
vastus lateralis (VL), medial hamstrings (MH -semitendinosus), tibialis anterior

(TA), extensor digitorum longus (EDL) and lateral soleus (SOL), in individuals
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with injuries above T2. In individuals with injuries below the T2 neurological level,
and thus with no impairment of upper limb musculature, BB, TB, ECR, FDP, and
ADQ, were replaced with external oblique (EO), erector spinae at L2 (ESL2),
peroneous longus (PL), medial gastrocnemius (MG), and flexor hallucis brevis
(FHB) for greater resolution in the motor segments below the lesion. Recordings
were conducted using bipolar pre-amplified surface electrodes (Motion Lab
Systems, Baton Rouge, LA, USA) with fixed inter-electrode distance of 17 mm.
The reference electrode was placed over the middle 1/3 of the left tibia. The
EMG signals were differentially amplified using MA300 EMG System (Motion Lab
Systems, Baton Rouge, LA, USA) with a band-pass filter of 10 Hz to 2 kHz (-3

dB). The EMG data were digitized at a sampling rate of 2000 Hz.

Multisegmental muscle responses (MMRS)

A custom-built constant current stimulator (0-100 mA, 200 V) was used to
deliver single, 1ms, monophasic square-wave pulses to the cathode (conductive
rubber electrode, 18 mm diameter) placed on the skin at the midline over the
lower thoracic vertebrae. Two 5 x 9 cm self-adhesive electrodes (Pro-Patch,
Taiwan) were used as anodes, placed bilaterally over the anterior superior iliac
spine (Courtine, Harkema et al. 2007, Dy, Gerasimenko et al. 2010,
Gorodnichev, Pivovarova et al. 2012). Participants were positioned in supine for
the duration of the study.

Surface EMG signals were recorded bilaterally in rectus femoris (RF),
vastus lateralis (VL), medial hamstrings (MH) (semitendinosus), tibialis anterior

(TA), medial gastrocnemius (MG) lateral soleus (SOL), and flexor hallucis brevis

71



(FHB) muscles, using the same electrodes as above. The EMG signals were
differentially amplified using MA300 EMG System (Motion Lab Systems, Baton
Rouge, LA, USA) with a band-pass filter of 10 Hz to 2 kHz (-3 dB). The EMG
data were digitized at a sampling rate of 5000 Hz.

The precise location of stimulation for conditioning experiments was
determined by the recruitment pattern of MMRs, and standardized such that
proximal muscle’s thresholds occurred at intensities just below those required to

evoke threshold responses in distal muscles (Atkinson et al., 2016, submitted).

Ulnar nerve stimulation

Ulnar nerve stimulation was applied just proximal to the elbow via bipolar
stimulating electrode of fixed inter-electrode distance of 30 mm (MLADDF30,
ADInstruments, New Zealand) using a constant current stimulator (DS5,
Digitimer®, UK). Sensory followed by motor thresholds for the abductor digiti
minimi (ADM) were identified, with the presence and latency of the H-reflex
confirming the viability of the ulnar nerve after SCI. No participants were recruited
with a neurologic level of injury at C8-T1, which provide segmental innervation to
the ulnar nerve (Sable 1998). Conditioning stimulation was delivered at 3x motor
threshold intensity (Meinck and Piesiur-Strehlow 1981), using three 1ms square

wave pulses with inter-stimulus interval of 1ms.

Experimental procedures

Descending interlimb conditioning of MMRs was investigated as
previously described (ref). Briefly, MMR recruitment curves were obtained for
identification of optimal test stimulus intensities. Sensory and motor thresholds
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were obtained in ADQ in response to ulnar nerve stimulation, and the
conditioning stimulation was set to 3 times motor threshold. Conditioning stimuli
were delivered to both left and right ulnar nerves, in separate conditioning bouts
randomly ordered within a single experimental session. Condition-test intervals of
40, 60, 90, 110, 125, 140, 160, 190, 220, 250, and 300ms were presented

randomly at least 8 times each, along with pre-, interspersed, and post-controls.

Data analysis

Following 2" order Butterworth (40-500Hz) filtering, EMG from 3 trials of
muscle activation were averaged and presented as the ratio of active to baseline
EMG (Table 2), with a value of 1.5 or greater indicating an increase in muscle
activation during the volitional movement attempt. Participants were grouped
based on presence of volitional leg muscle activation: those with motor complete
SCI, as identified by a lack of volitional activation of any leg muscle during
functional neurophysiological assessment (Li, Atkinson et al. 2012), and those
with motor incomplete SCI, who demonstrated repeated, measurable muscle
activation in at least one leg muscle.

The magnitude of MMRs was quantified as the peak-to-peak amplitude of
the evoked responses. For each conditioning experiment, in each muscle, we fit
a generalized additive model (GAM) to the responses as a function of time. The
GAM was defined to include a 5-dimensional spline-based smoothing function
and a single factor accounting for each CTI tested throughout the experiment.
The fitted GAM provided a smoothed trend for the responses over the course of

the experiment, so that any changes in unconditioned (control) responses over
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time were accounted by the model. Further, the inclusion of CTI as a factor
permitted comparison of mean CTI to control responses for each CTI, with the
feature that such comparisons were “localized” to nearby interspersed controls,
in order to adequately account for any change in control amplitude or variability
during the course of a particular conditioning bout. Standardized conditioning
responses were calculated as t-statistics from each GAM model and adjusted per
experiment, per muscle using the Benjamini-Hochberg correction with a nominal
false discovery rate of 0.05 (Benjamini and Hochberg 1995). A muscle was
empirically identified has having been conditioned at a particular CTI if the
Benjamini-Hochberg adjusted standardized conditioning response was greater
than 2.0. A muscle was defined as having been conditioned overall if it was
identified as conditioned at any CTI. The relationship between volitional control
and conditioning was evaluated in the RF, VL, MH, TA, and SOL muscles with a
chi-square test. All analyses were conducted using the R software environment
(R Core Team. (2016). R: A Language and Environment for Statistical

Computing. R Foundation for Statistical Computing, Vienna, Austria. V 3.3.1).

Results
FNPA assessment of voluntary muscle activation allowed quantification of
active EMG during single joint volitional movement attempts in each participant.
Table 2 summarizes the results of volitional movement attempts in 5 bilateral
lower limb muscles in which MMR conditioning was also assessed. Seven
participants demonstrated volitional muscle activation in at least one leg muscle,

while 11 participants were unable to generate active EMG in any leg muscle
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during movement attempts. Based on these results, participants were classified
into two groups: motor complete (n=11) or motor incomplete (n=7). Subclinical
descending influence was also assessed via reinforcement maneuvers and tonic
vibratory reflex. Of the 11 participants who did not demonstrate volitional
activation of any leg muscles, positive responses to reinforcement maneuvers
were observed in 7 participants, while the presence of tonic vibratory response
was identified in 6 (Figure 16). Both signs were present in 4/11 motor complete
participants, while neither were present in 2/11. Overall, 9/11 motor complete
participants demonstrated some evidence of residual descending influence on
spinal motor activity based on a positive response to one of the discomplete
criteria (Table 6).

ADM H-reflexes were obtained to confirm viability of the ulnar nerve in all
participants. The first peak latency was 28+4ms and 28+3ms for the left and right
sides, respectively. In 3 participants, an H-reflex could not be obtained on the left
(2) or right (1) side. Conditioning studies were limited to a single ulnar nerve in
these cases.

Conditioning stimulation at the ulnar nerve resulted in the facilitation of the
test MMR in 59 total muscles (66%) of 7/7 motor incomplete participants (figure
17), and in 24 total muscles (20%) of 7/11 motor complete participants (figure
18), demonstrating descending interlimb projections onto lumbosacral motor
neuron pools (Table 7). We further subdivided results based on the location of
SCl relative to the segmental innervation of the ulnar nerve (C8), i.e. rostral

(n=10) or caudal (n=8) (cf. Table 6, Table 8). Within the motor incomplete group,
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MMR facilitation was observed in 76% of all muscles in participants with SCI
above C8 (n=3), with 59% of muscles in participants with SCI below C8 (n=4)
also demonstrating MMR facilitation (Tables 7, 8). For motor complete
participants, 23 of 24 muscles and 6 of 7 participants demonstrating MMR
facilitation had SCI above the C8 level, with MMR facilitation occurring in just one
muscle in 1 of 4 participants with an SCI below C8.

For motor incomplete participants, group percentages of the total number
of muscles demonstrating MMR facilitation to ipsilateral and contralateral ulnar
nerve facilitation, respectively, were as follows: RF: 57% and 64%, VL: 57% and
64%, MH: 57% and 64%, TA: 63% and 43%, MG: 43% and 50%, SOL: 43% and
43%, and FHB: 60% and 50% (Figure 19). For motor complete participants,
group percentages of the total number of muscles demonstrating MMR
facilitation to ipsilateral and contralateral ulnar nerve facilitation, respectively,
were: RF:14% and 5%, VL: 9% and 18%, MH: 14% and 5%, TA: 9% and 0%,
MG: 14% and 14%, SOL: 5% and 5%, and FHB: 5% and 5%.

As expected, the condition-test intervals at which MMR facilitation
occurred varied among participants (Tables 7, 8). However, in all groups a
majority of MMR facilitation occurred at condition-test intervals between 90ms
and 140ms.

Volitional activation and interlimb MMR facilitation within a given muscle
were found to be related (chi-square test, P<.0001). MMR facilitation was
observed in 72% of leg muscles (RF, VL, MH, TA, and SOL bilaterally)

demonstrating volitional activation (cf. Tables 6, 7). Conversely, MMR facilitation
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was not observed in 83% of muscles in which no volitional activation was
observed. In motor complete participants with a positive reinforcement
maneuver, 4/7 demonstrated MMR conditioning, while in those without a positive
response, MMR conditioning was observed in 2/4. Similarly, for the tonic
vibratory reflex, 4/6 participants with a tonic vibratory reflex also had MMR
facilitation, compared to 3/5 motor complete participants without a tonic vibratory
response. MMR facilitation was not observed in 2/6 participants demonstrating
both discomplete criteria. Among the 7 motor incomplete participants, 3 had a

positive reinforcement maneuver, while all 7 had a tonic vibratory reflex.

Discussion

The current results demonstrate the presence of descending interlimb
influence on spinal motor excitability after chronic SCI. Few studies have
examined inter-enlargement connectivity after SCI, and such studies have
typically applied different methodology and focused primarily on ascending
reflexes (Calancie 1991, Calancie, Lutton et al. 1996, Calancie, Alexeeva et al.
2005). One such report recently described modulation of baseline EMG in arm
and leg muscles after SCI in response to superficial peroneal and radial nerve
stimulation, respectively. Descending interlimb reflexes in response to radial
nerve stimulation were reported in just 6% (4 total muscles) of ipsilateral and and
0% contralateral muscles out of 17 participants with cervical SCI (Butler, Godfrey
et al. 2016). Considering that Butler et al. used large pulse trains at higher
stimulation intensities than applied here, this discrepancy with the current results

appears surprising. However, reflex studies quantifying changes in baseline EMG
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typically employ some degree of volitional muscle activation, which improves the
likelihood of an evoked response and/or observation of modulation in EMG.
Since individuals with motor complete SCI cannot initiate a volitional contraction
below the level of lesion, the current study utilized transcutaneous spinal
stimulation to raise the excitability state of the lumbosacral motor circuitry. From
this standpoint, the current results are in agreement with recent studies of both
transcutaneous and epidural stimulation, which have demonstrated that the
excitability state of the lumbosacral circuitry may be modulated by electrical
stimulation, allowing the integration of peripheral afferents and descending
inputs, and resulting in the activation of paralyzed muscles (Angeli, Edgerton et

al. 2014, Gerasimenko, Lu et al. 2015, Rejc, Angeli et al. 2015).

Pathways mediating interlimb MMR modulation

The current study included individuals with SCI both above and below the
segmental innervation of the ulnar nerve at C8 (Kendall, McCreary et al. 1983,
Sable 1998), in order to gain insight on the nature and prevalence of descending
interlimb reflexes in individuals with injuries proximal to the proposed inter-
enlargement circuitry being studied (SCI above C8), as well as those with an
injury between the cervical and lumbosacral enlargements (SCI below C8). As
expected based on differences in mechanism, spinal level, and severity of injury
among participants, results varied considerably among participants and within
both the motor complete and the motor incomplete groups (Table 7). When
taking into account both level of injury and injury severity, it was observed that

MMR facilitation only occurred in a single muscle in one of four participants with
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motor complete injury in the thoracic segments (Table 8). Conversely,
descending interlimb reflexes were observed in 6 of 7 motor complete
participants injured rostral to C8, indicating that sparing and/or re-establishment
of descending interlimb reflexes occurs more frequently in individuals with more
rostral cervical injuries.

Descending interlimb facilitation studies in neurologically intact
participants suggest that multiple reflex pathways may be involved in the
observed MMR modulation, with propriospinally mediated facilitation at early
latencies, and supraspinally mediated facilitation occurring at longer latencies
(submitted) (Meinck and Piesiur-Strehlow 1981, Zehr, Collins et al. 2001). Our
studies of vestibulospinal (in review) and reticulospinal (manuscript in
preparation) further support this interpretation, as do the current results.
Similarly, others investigating the reflex effects of these pathways on the soleus
H-reflex via galvanic vestibular stimulation (Kennedy and Inglis 2001) or acoustic
startle (Rossignol and Jones 1976) found the strongest facilitation at 100ms and
110-130ms, respectively. When comparing the latencies at which MMR
facilitation was first detected, facilitation at early latencies (60-90ms) represented
18% of the total number of observations in motor incomplete participants, while
long latencies (140ms-300ms) represented 59%. In contrast, in motor complete
participants, facilitation at early latencies represented 40% of all occurrences of
MMR facilitation, with long latencies representing 37%. The relative increase in
early latency facilitation and decrease in long latency facilitation in motor

complete individuals may represent the expected sparing of inter-enlargement
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projections located caudal to the level of lesion, while the substantial loss of
supraspinal input in these more severely injured participants is represented both
by the decrease in the total number of reflex observations, and by the relative

decrease in MMR facilitation at longer latencies (Table 8).

MMR facilitation and volitional activation within lumbosacral motor pools

Long descending propriospinal neurons within the cervical enlargement
have been shown to receive excitatory input from both reticulospinal and
corticospinal tract fibers in mice, rats, cats, and primates (Alstermark, Lundberg
et al. 1987, Rosenzweig, Courtine et al. 2010, Ni, Nawabi et al. 2014, Mitchell,
McCallum et al. 2016) possibly providing an alternative route for supraspinal
input which would allow integration of relevant afferent information ‘en route’ to
the lumbosacral motor networks. Further, following incomplete SCI in animal
models, propriospinal neurons have been shown to play a role in re-establishing
supraspinal influence on spinal circuits caudal to the injury (Bareyre,
Kerschensteiner et al. 2004, Courtine, Song et al. 2008, Filli, Engmann et al.
2014), accomplished by the sprouting of severed cortico- and reticulospinal
axons to establish synaptic contacts with propriospinal neurons, which then relay
the descending signal around the zone of injury. The current study examined the
relationship between descending interlimb pathways and volitional muscle
activation below the level of lesion. While volitional activation of a muscle and
presence of MMR modulation was found to be related (p<.0001), it should be
noted that this relationship varied among participants. Interlimb modulation was

observed in just a single muscle in two participants who demonstrated volitional
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activation of 9/10 and 10/10 leg muscles tested and were community ambulators
functionally. In contrast, in two other participants who demonstrated similar
volitional activation (9/10 and 10/10 of tested muscles) and were also community
ambulators, MMR modulation was observed in all but a single muscle (Tables 6,
7). Additionally, one participant demonstrated voluntary activity in knee, ankle,
and foot muscles of the left leg only, however MMR facilitation was observed
bilaterally in response to both left and right ulnar nerve stimulation, but was
primarily confined to knee muscles representing the most proximal lumbar
segments (Figure 20). This variability among participants is difficult to interpret in
the absence of information regarding the viability of other major descending
projections, but suggests that relative sparing of different descending systems
can lead to similar functional recovery.

In the current study, the presence of either a positive reinforcement
maneuver or of a tonic vibratory reflex in sublesional muscles did not predict the
presence of descending interlimb MMR modulation. Positive responses to these
maneuvers have been purported to indicate an anatomically and physiologically
incomplete SCI in the absence of motor or sensory function below the level of
lesion, but are not correlated to motor and/or sensory function (Sherwood,
Dimitrijevic et al. 1992). Although it was suggested that they are most frequently
seen in individuals with spastic hypertonia, we did not assess this relationship in
the current study. To the author’s knowledge, no correlation with any diagnostic

measures or clinical assessments has been found, which previously raised
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speculation that the spread of muscle activation observed may be mechanical

rather than neural(Sherwood, Dimitrijevic et al. 1992).

Conclusions

The current study revealed the existence of descending interlimb
projections onto the lumbosacral motor excitability in SCI participants with a
spectrum of injury severities sustained at various rostro-caudal levels, including
those with motor complete injuries. Differences were observed in the nature and
extent of descending modulatory inputs, both across and within clinically defined
injury categories, which cannot be appreciated using currently available clinical
methods of injury classification. These results reflect the anatomical and
physiological heterogeneity which exists in clinical SCI populations, and suggest
that assessment of descending spinal transmission as reported here may be
used to identify and better account for these differences among study
participants, which has direct implications on clinical diagnosis, prognosis, and
intervention prescription, as well as for researchers investigating recovery of
motor function over time and/or as a result of therapeutic intervention. Future
studies incorporating additional stimulation paradigms and comprehensive
assessment of the major descending pathways will be important to further our
understanding of the mechanisms allowing the emergence of volitional muscle

activitation/modulation observed in the presence of spinal electrical stimulation.
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Table 5. Patient Demographics

AlS

Participant gender ('3?:) I:;T; F(’;::.) Tg:;cll Cgfs Mechanism Of Injury agmg
A7 m 29 6.11 T2 A motorcycle accident Manual w/c
Ad1 m 24 6.80 C4 A skiing accident Manual w/c
A59 m 26 2.32 T4 A motor vehicle accident | Manual w/c
A60 m 22 2.28 T4 A motorcycle accident Manual w/c
AGS m 34 3.47 CH A assaultvictim Power w/c
B19 m 41 1.03 C6 B motor vehicle accident Power w/c
B20 m 28 418 T2 B fall Manual wic
B21 m 29 9.15 C4 B motor vehicle accident Manual wic
B23 m 32 2.97 CH B mountainbike accident | Manual w/c
C21 f 24 1.92 C4 C hit by trolley Power w/c
C32 m 35 9.32 T2 C motorcycle accident Manual w/c
C34 m 20 4.50 C4 C hockey accident Power w/c
C36 m 24 1.35 T6 C motor vehicle accident Manual wic
C35 m 21 1.98 C7 D diving Accident Manual w/c
D36 m 26 9.53 CH D football accident Amb w/o AD
D37 m | 28 | 672 | T4 | p | Spontameousepidural \ )\ oAD

hematoma
D38 m 42 12.99 C2 D hit by falling object Ambw/ SPC
D41 f 44 9.41 T4 D motor vehicle accident | Ambw/oAD
N=18 297 46131

AIS = American Spinal Injury Association Impairment Scale, AD = assistive device, SPC = single point cane,

w/c = wheelchair
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Table 6. FNPA results summary

RF

VL

MH

TA

SOL
Participant Left Right Left Right Left Right Left Right Left Right R.M. T.V.R.

C36
D38
D37
D36
C32
D41
C35
A37
A41
B19
B21
B20
C21
AS9
B23
AG8
C34
AB0

35 52 135 39 335104 19 00 97

7.5 153 20.5

58.2 55.6 17.2 31.0 25.2 43.0

16.3 0.0 18.3 0.1

88.9 87.6 36.1

9.3
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.1

26.3
0.1
0.0
0.0
0.1
0.0
0.1
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.1
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.1
-0.1
0.1
0.0
0.0
0.1
0.1
0.0
0.0
0.0
0.0
0.0

13.0 0.0

3.8
0.1
0.0
0.2
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

50.6 20.6 15.6

0.1
0.0
0.0
0.0
0.0
0.0
0.0
0.1
0.0
0.0
0.0
0.0

1.2

10.8 1.0 15.7 3.4 29.2 10.0 2.0
70.0 23.5 10.5 30.3 34.1 29.3

58.2 50.6 10.2 94

74.5 139.7 39.9 23.5

12.7 0.0

95.2 315 141 14.8

36.8 0.1

-0.1
0.0
0.0
-0.1
-0.1
0.0
-0.1
0.0
0.0
-0.1
0.0

-0.2
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

1.9

6.6
0.1
0.0
0.0
0.0
0.0
0.0
-0.1
0.0
0.0
0.0
0.0

Ratio avg. active/baseline EMG (pV)
(R.M. = reinforcement maneuver, TVR = tonic vibratory reflex)

0.0

0.1
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.1
0.0
0.0

+

+ + + + + + + + +

present
present
present
present
present
present
present
absent
absent
present
present
present
present
absent
present
absent
present
absent

Volitional movement attempts for bilateral RF, VL, MH, TA, and SOL quantified

as the ratio of active to baseline EMG (avg. of 3 attempts). Bold indicates

volitional activation. Results of reinforcement maneuvers and tonic vibratory

reflex are indicated as positive or negative.
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Figure 16. Positive reinforcement maneuver and tonic vibratory reflex
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Panel A depicts an example of a positive response to reinforcement maneuver,
while panel B depicts an example of a tonic vibratory reflex, in representative
participants. EMG from SCM, RF, VL, MH, TA, and MG muscles is presented.
The vertical black lines represent the onset of the respective trials. For tonic
vibratory reflex, SCM and knee muscles’ (RF, VL, MH) EMG taken from patellar
tendon vibration trial, and ankle muscles’ (TA and SOL) EMG taken from Achilles

tendon vibration trial.
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Table 7. MMR facilitation latency by participant and muscle

ID I:g\l:g LRF RRF LVL RV LMH RMH LTA RTA LMG RMG LSOL RSOL LAHB RAHB
C35 C7  90(110) 90(110) 90(110) 90(110) 90(110) 90(110) 90 90(110) 90(110) 90(110) 110 110 110 110

D36 C5  90(140) 90(140) 90 (140) 90 (110) 110(140) 90 (190) 90 (140) 90 (190) 90 (140) 110(190) 90 (140) 90 (140) 90 (140) 90 (140)
D38 c2 90

A41 c4 90 (110) 90

B21 c4 90 90 90 60 (90) 90 (110) 80 (140)

B23 C5  90(190) 9 250 110 60(110) 60 (110) 60 (110) 60 (90) 60 (110)
B19 cé

c21 c4 110 300

AB8 C5 110 90

C34 c4 90 90

D41 T4  110(140) 110(190) 90 (190) 110 110(190) 90 (190) 140 (190) 90 (140) 140 (300) 90 (140) 90 (190) 110 (140) 90 (190)
C32 T2 90(110) 90 90 90 90 90 (190)

C36 6 90 90  60(90) 60(90) 90(140) 60(110) 90(110) 110 90(110) 110

D37 T4 110

A59 T4 110

AB0 T4

A37 T2

B20 T2

For each participant and muscle, the condition-test interval (CTI) at which MMR facilitation reached statistical

significance is listed, with the CTI at which peak facilitation was observed (if different) given in parenthesis.

Participants in gray are motor incomplete participants, and the horizontal black line separates participants with

injuries above and below the C8 segmental level.
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Figure 17. Volitional activation and MMR conditioning in a motor incomplete
participant
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Panel A depicts averaged EMG from RF, VL, MH, TA, and SOL during 3
volitional activation attempts for each muscle. The black trace represents the
average EMG envelope, and the red line indicates one standard deviation. The
box indicates the 3 second period during which the participant attempted to
activate the muscle. Panel B depicts the results of MMR conditioning via right
ulnar nerve stimulation in the same muscles. Black traces are the average of 8
control MMRs, red traces are the average of 8 conditioned MMRs (condition test

interval = 140ms).



Figure 18. Volitional activation and MMR conditioning in motor complete

participants
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=
X
50uV
-
500uV
50uV
1000uV

VL

50uV
4000uV
%
50uV

> >
RF g 5 2 %
n o [« (=]
o] ) (=]

=]
3
@

8

3sec

EMG from right RF, VL, MH, TA, and SOL during 3 volitional activation attempts
for each muscle. The black trace represents the average EMG envelope, and the
red line indicates one standard deviation. The box indicates the 3 second period
during which the participant attempted to activate the muscle. Panels B and D
depict the results of MMR conditioning experiments in the same muscles. Black
traces are the average of 8 control MMRs, red traces are the average of 8

conditioned MMRs at a condition-test interval of 110ms.
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Figure 19. Group MMR conditioning results
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Percentage of muscles demonstrating MMR facilitation at any condition-test
interval are illustrated for motor incomplete (MI) and motor complete (MC)

participants in response to both ipsilateral (i) and contralateral (c) ulnar nerve

stimulation.
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Table 8. Summary of MMR facilitation by group and latency.

Mi MC

CTl Above | Below (Above |Below | + .,

C8 C8 C8 C8
60 22 2@ 8@ [ 1(1) |15@®)
90 293) |23 (4) | 16 (5) | 1(1) |69 (13)
110 | 45(2)|32(4) [ 14(6) | 1 (1) |92 (13)
140 | 46(2) |30 | 5@4) | 1¢1) [82(11)
190 | 32(2) |25 | 6@3) | 1¢1) |64 (10)
250  |14(1) |19 | 5@ | 1(1) [397)
300 [13(1)|18(1) |64 | 1(1) |38(7)
Total  76%(3) 59%(4) 30%(6) 2%(1)

Number of observations of MMR facilitation in any muscle for each group and
condition-test interval (CTl) are listed, with the corresponding number of
participants in parenthesis. The far right column gives the total number of MMR
facilitation observations at each CTI, while the bottom totals give the percentage

of muscles in which MMR facilitation was observed for each group.
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Figure 20. MMR facilitation in a participant with unilateral volitional activation.
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Panel A depicts averaged EMG from RF, VL, MH, TA, and SOL during 3 volitional activation attempts for each
muscle. The black trace represents the average EMG envelope, and the red line indicates one standard deviation.
The gray box indicates the 3 second period during which the participant attempted to activate the muscle. Panels B
and C depict the results of MMR conditioning via left and right ulnar nerve stimulation, in the same muscles. Black
traces are the average of 8 control MMRs, red traces are the average of 8 conditioned responses at a condition-

test interval of 110ms.
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CHAPTERV

DISCUSSION

This project aimed to assess the residual and/or de novo descending
interlimb influence on lumbosacral motor neuron excitability after clinically
complete spinal cord injury, and determine the correlation between
electrophysiological identification of descending spinal transmission and
neurophysiological measurements of volitional, sublesional muscle activation
after incomplete spinal cord injury. This work is part of a broader project, which to
our knowledge represents the first attempt to systematically investigate the
nature and extent of descending projections of the major descending tracts onto
the lumbosacral motor circuitry. Previous studies have suggested that residual
supraspinal-spinal connections may exist in individuals clinically classified as
having complete spinal lesions (Sherwood, Dimitrijevic et al. 1992, Kakulas and
Kaelan 2015), but thus far few attempts have been made to determine the
whether the pathways mediating such connections can be identified, and nearly
all of these focused solely on the corticospinal tract (Curt, Keck et al. 1998,
Calancie, Alexeeva et al. 1999, McKay, Lee et al. 2005) or ascending interlimb
reflexes (Calancie 1991, Calancie, Lutton et al. 1996). Although propriospinal
pathways have been investigated following human SCI previously, this work

focused on ascending pathways (Calancie, Alexeeva et al. 2005), concluding that
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the appearance and strengthening over time of ascending interlimb reflexes
represents maladaptive plasticity and is suggestive of a functionally complete
spinal lesion. Here, descending interlimb reflexes were investigated to assess the
propriospinal system, based in part on evidence from multiple animal models that
propriospinal fibers participate in the restoration of functional cortical input to the
sub-lesional spinal circuitry (Bareyre, Kerschensteiner et al. 2004, van den
Brand, Heutschi et al. 2012, Filli, Engmann et al. 2014). In order to assess
whether descending propriospinal projections might play a role in the recovery of
volitional movement after human SCI, we also developed methods for the
quantitative assessment of voluntary activation of the leg muscles.

A standardized, objective assessment of volitional motor capacity, the
Functional Neurophysiological Assessment (FNPA) was developed (Li, Atkinson
et al. 2012), which expands upon the previously validated Brain Motor Control
Assessment (Sherwood, McKay et al. 1996). The FNPA provides increased
sensitivity in the detection of both volitional and reflex muscle activation by virtue
of the standardized nature of the assessment, as well as the objective and
quantitative analysis methods. One advantage of this method is the ability to
measure muscle activation in muscles innervated by the thoracic segments,
which are currently not assessed by the AIS exam. While the standard clinical
neurological examination assesses sensory function at all dermatomes, motor
function is typically only assessed in limb muscles innervated by the cervical and
lumbosacral segmental levels. This means that motor function throughout the

entirety of the thoracic spine is not assessed. Unlike the appendicular
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musculature, whose peripheral innervation arises from a neural plexus and
contains axons from multiple segmental levels, the axial musculature is
innervated by anterior and posterior rami from each segmental level. In addition,
these muscles have differing functional roles, with axial musculature being
principally involved in breathing, posture, and proximal stabilization during
movement of the extremities- all of which are typically not under voluntary
control- in addition to volitional movements. Further, while dermatomes and
myotomes are thought to occupy the same territory in the thoracic region, this is
not always the case, with the most well-known example being the diaphragm.
Another important advantage is the ability to assess multi-muscle patterns of
activation, which are altered after SCI, and may change over time, coincident
with movement recovery (McKay, Ovechkin et al. 2011, Li, Atkinson et al. 2012).
As volitional movement recovers, multi-muscle EMG patterns may be initially
characterized as widespread muscle activation with a high degree of agonst-
antagonist co-contraction. As recovery progresses further, the overall magnitude
of EMG activity decreases, becoming isolated to the muscles required for the
desired movement, with a decrease in co-activation (McKay, Ovechkin et al.
2011). Interestingly, this seemingly staged process of skilled movement recovery
mirrors novel skill acquisition and the development of synergies in the non-
injured nervous system (Asaka, Wang et al. 2008).

The objectively quantifiable nature of the FNPA presents clear advantages to
subjective assessment of motor function as is the current clinical standard. The

main advantages involve the number of muscles studied, in particular the
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inclusion of axial musculature. more than 150 FNPA studies were conducted on
SCI participants, including those presented here, and greater than 90%
demonstrated volitional activation of erector spinae muscles recorded at T10,
regardless of severity, and was only absent and in subset of high cervical
injuries. In contrast, the rectus abdominus was volitionally active in less than 10%
of motor complete injuries rostral to T6.

Of note, the axial extensors have a distinctly different innervation pattern than
axial flexors and appendicular muscles, with axial extensors being innervated by
the posterior rami of the ventral root, while anterior axial and appendicular
muscles are innervated by the anterior rami(Shinoda, Sugiuchi et al. 2006). In
terms of excitability, the axial extensor motor pools are more strongly innervated
by brainstem tracts responsible for balance and posture, in comparison with
direct corticospinal inputs. The reverse is true for appendicular muscles, with an
apparent gradient from proximal to distal muscles (Shinoda, Sugiuchi et al.
2006).

The relative involvement of cortical and brainstem tracts in volitional activation in
these muscles is unclear. It was asserted that corticospinal inputs played a
significant role based on transcranial stimulation(TMS) induced motor evoked
potentials, however there are multiple problems with the interpretation of these
results (Jaberzadeh, Zoghi et al. 2013). First, TMS is frequently used to measure
‘corticospinal excitability’(Rossini, Burke et al. 2015) however, there is no direct
measurement of corticospinal activity. As the only measurable variable is the

amplitude of motor responses, any change in the excitability of spinal motor
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neurons (whether induced by spinal, corticospinal, or other descending tract
mechanisms) could lead to the same result. Much focus has been put on the
latencies as evidence of a direct cortico-motoneuronal route of transmission,
however it is well known that latencies are decreased by as much as 3ms when
volitional activation of the studied muscle is performed during TMS (Rossini,
Burke et al. 2015). Speculation involving excitation of corticospinal axons of
different sizes predominates over any suggestion that additional synapses may
be involved in motor evoked potentials evoked from near threshold TMS
intensities, although the latency discrepancy is clearly long enough for 2-3
synapses. As it relates to the mentioned study of erector spinae muscles, this
group found latencies in motor evoked potentials recorded supra-umbilically
(~T10 vertebral level) in the rectus abdominus occurred approximately 3ms
sooner than those recorded at the erector spinae at L3-L4 (Jaberzadeh, Zoghi et
al. 2013). Thus the results in this particular study, and in TMS studies in general,
are far from conclusive regarding the mechanisms of volitional muscle activation.
Regardless of the mechanisms involved, the extent of axial muscle
sparing and potential recovery following high-thoracic and cervical SCI has been
investigated little, likely due to the lack of available measures, namely the lack of
inclusion on axial muscles in the International Standards for Neurological
Classification of Spinal Cord Injury (Kirshblum, Waring et al. 2011). Unpublished
clinical evidence suggests that task-specific interventions aimed at re-training
trunk control after spinal cord injury can improve posture and balance after motor

complete SCI. Suggesting the apparent sparing of spinal extensor function
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following many injuries, as observed in the FNPA, may have functional
relevance. Unfortunately, current clinical SCI rehabilitation textbooks teach that
high thoracic and cervical motor complete SCI individuals cannot regain trunk
control due to paralysis of these muscles, leading to early training using
compensatory techniques, and a lack task-specific, non-compensatory balance
and posture training.

The FNPA addresses the need for measurement tools assessing the axial
musculature after SCI, along with the other mentioned advantages. The FNPA is
feasible to perform clinically as early after injury as the inpatient rehabilitation
setting. Objective monitoring of motor function throughout the acute and sub-
acute period after SCI may improve diagnosis and prognosis, and give clinicians
new insights on the available residual motor system and its functional
implications. This could, in turn, directly impact intervention selection and

therapeutic decision making.

Descending Interlimb Modulation of MMRSs in neurologically intact participants

Novel electrophysiological methods for the detection of descending
propriospinal input on lumbosacral motor neuron excitability were also
developed, and normative data collected. A condition-test paradigm was
designed, utilizing transcutaneous spinal electrical stimulation to evoke MMRs in
bilateral knee and ankle muscles representing all lumbosacral segments. Robust
descending interlimb facilitation of bilateral knee and ankle muscles could be

routinely observed in non-injured subjects, with early latencies (£90ms)
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consistent with descending propriospinal transmission. As expected, the overall
time-course and magnitude of the effects was in agreement with similar studies
investigating descending interlimb modulation of the soleus H-reflex (Meinck and
Piesiur-Strehlow 1981, Delwaide and Crenna 1984, Kagamihara, Hayashi et al.
2003). As discussed in chapter three, the indirect methods used preclude direct
identification of neuronal circuitry mediating the observed effects. Historically,
similar studies have focused on reflex latency to determine the most likely
pathway(s) utilized, however distance measurements used to determine
conduction velocities must be approximated, and many assumptions must be
made regarding central conduction velocities and the potential number of
synapses involved. That being said, relative latencies in response to stimulation
of different pathways appear to be consistent in non-injured subjects. It seems
likely, given the extended period of facilitation and the presence of multiple
‘peaks’ of facilitation in response to ulnar nerve stimulation at latencies between
60ms and 190ms, that the conditioning stimulation engaged multiple reflex
pathways, with early and possibly middle latency (<100ms) facilitation likely
involving propriospinal pathways, and longer latency facilitation involving brain
stem and cortical nuclei (Meinck and Piesiur-Strehlow 1981, Zehr, Collins et al.
2001). This interpretation is further supported by the preliminary results of our
studies of the reticulospinal and vestibulospinal pathways, both of which resulted
in conditioning of leg MMRs peaking at latencies of 110-140ms. Similarly, others
investigating the reflex effects of these pathways on the soleus H-reflex via

galvanic vestibular stimulation (Kennedy and Inglis 2001) or acoustic startle
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(Rossignol and Jones 1976) found the strongest facilitation at 100ms and 110-
130ms, respectively.

Noteworthy differences with regard to laterality were not observed,
however this may be due to the experimental conditions. As the participants were
relaxed in supine, the need for functional coordination of the upper and lower
limbs was not present. Examining MMR modulation in response to stimulation of
upper limb peripheral nerves through different phases of the gait cycle may shed
light on the functional relevance of the descending interlimb projections
observed.

Although the descending tracts including corticospinal, reticulospinal,
vestibulospinal, and descending propriospinal are known to make direct synaptic
contact with motor neurons, they also project to interneurons in the intermediate
grey and elsewhere (Brockett, Seenan et al. 2013). Interneurons residing in the
intermediate grey are both excitatory and inhibitory (Liu, Bannatyne et al. 2010),
however they receive much greater input from group | and group Il afferents
which comprises excitatory inputs, but can effect both excitation and facilitation of
motor neurons. Many of the afferent projections onto the the interneuronal
population are under strong inhibitory control by supraspinal projections, the
relative level of which is dynamic, being modulated based on the task (Liu,
Bannatyne et al. 2010). As such, the decrease in overall descending influence
associated with the relaxed, supine position due to the lack of functional balance
or postural requirements, may contribute to the preponderance of excitatory

effects observed in this and similar studies. Similarly, damage to the descending
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tracts results in disinhibition of group | and Il afferents, which can contribute to
hypertonia and spasticity.

Still, it could be considered surprising that the MMR modulation observed
was limited to excitation without an inhibitory component- although the longest
condition-test interval tested was 300ms, and inhibitory effects beyond this
latency cannot be ruled out.

Phasic modulation of the soleus H-reflex has been investigating during
different upper and lower lomb cycling paradigms, shown to involve interlimb
reflexes (Frigon, Collins et al. 2004, de Ruiter, Hundza et al. 2010). However,
these studies suggested that local cutaneous afferent input as well as central
pattern generator acitivty might be responsible for the suppressive or inhibitory
effects on specific motor pools at functionally relevant phases of gait as opposed
to interlimb reflex effects. It is also notable that the similar interlimb reflex
modulation was not seen in standing (Suzuki, Nakajima et al. 2016), as has been
similarly reported by others (Dietz, Fouad et al. 2001). As was mentioned above
with regard to the lack of left-right differences in MMR modulation, the simplest
explanation might be that the supine test position was not ideal for the
examination of functionally relevant interlimb interactions, and the general
excitatory effects observed could have been a consequence of the non-
physiological and unfamiliar, abrupt sensory input induced by electrical
stimulation of the ulnar nerve.

To the author’s knowledge, 4 groups have studied descending interlimb

reflexes extensively in neurologically intact humans- all began in a seated or
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supine relaxed position (Meinck and Piesiur-Strehlow 1981, Delwaide and
Crenna 1984, Zehr, Collins et al. 2001, Kagamihara, Hayashi et al. 2003). None
observed inhibitory effects on the soleus H-reflex in response to upper limb
mixed or cutaneous nerve stimulation, which is generally analogous to the
current experimental methods. However, 3 groups did not address the lack of
inhibitory effects at all. Two also examined reflex responses in averaged EMG,
and both found an early phase of inhibition (Meinck and Piesiur-Strehlow 1981,
Kagamihara, Hayashi et al. 2003). Subjects were asked to maintain a constant
low level of volitional activation during these experiments, as is typical in such
studies, and the one author who addressed the difference in results between the
two methods did not speculate beyond the conclusion that additional descending
drive was required to induce inhibition (Meinck and Piesiur-Strehlow 1981).
Given these results, it is also plausible that inhibition is not seen in evoked reflex
modulation studies due to the fact that the motor neurons in such experiments
are not under the influence of tonic excitatory influence, thus may be obscured by

a ‘floor effect’.

Descending interlimb modulation of MMRs after SCI

Eighteen participants with chronic spinal cord injury were assessed both
for the presence of volitional muscle activation via FNPA, and for the presence of
descending interlimb facilitation, identifying descending inter-enlargement spinal
transmission. Results of interlimb MMR conditioning studies in motor complete
SCI participants revealed descending facilitation of MMRs in 7/11 (64%)

individuals, providing evidence of residual descending systems capable of

101



modulating lumbosacral motor neuron excitability which cannot be appreciated
on clinical evaluation. However, when taking in account the level of injury, was
observed that, in motor complete participants, descending interlimb modulation of
leg MMRs almost exclusively occurred in participants with a lesion rostral to the
C8 segment supplying the ulnar nerve, meaning descending conduction did not
cross the injury zone. In the current study, 6/7 SCI participants with a lesion
above C8 demonstrated some MMR facilitation in response to ulnar nerve
stimulation. In contrast, in only a single muscle in 1/4 participants injured caudal
to C8 was MMR facilitation observed. When comparing the latencies at which
MMR facilitation was first detected in motor complete participants, facilitation at
early latencies represented 40% of all occurrences of MMR facilitation, with long
latencies representing 37%. In contrast, facilitation at early latencies (60-90ms)
represented 18% of the total number of observations in motor incomplete
participants, while long latencies (140ms-300ms) represented 59%. The greater
percentage of early latency facilitation and decrease in long latency facilitation in
motor complete participants injured above C8 may represent the expected
sparing of inter-enlargement projections located caudal to the level of lesion,
while the substantial loss of supraspinal input in these more severely injured
participants is represented both by the decrease in the total number of reflex
observations and the relative decrease in MMR facilitation at longer latencies.
Results of interlimb MMR conditioning studies in motor incomplete SCI
participants revealed descending facilitation of MMRs in all individuals. It was

remarkable that the location of the injury relative to the conditioning stimuli
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seemed to have little effect on the latencies at which MMR facilitation was first
observed, although they frequently demonstrated the greatest magnitude of
facilitation at longer latencies than motor complete participants. The variability
in the results among subjects might be expected based on differences in level,
mechanism, and severity of the injury. Additionally some of this variability may be
related to the experimental methods, as some SCI participants had remarkable
baseline variability in MMR amplitude at a given stimulus intensity, which may
have masked the conditioning stimulation effects in those muscles. In particular
this was the case for two of the motor incomplete subjects in which statistically
significant MMR facilitation was only observed in one muscle each.

Ultimately, the goal was to identify spared descending spinal transmission
capable of modulating lumbosacral motor excitability, which the current results
establish. Although this is a small sample size, these results support the
interpretation that MMR facilitation at early latencies represents a propriospinally-
mediated descending interlimb reflex which may be spared by injuries proximal to
the lowest levels of the cervical enlargement, but is disrupted by severe SCI in
the thoracic region. For individual subjects, comparison with results of other
descending pathways studies including vestibulospinal, reticulospinal, and
corticospinal pathways will allow more definitive conclusions to be drawn

regarding the precise nature of the descending influence identified.

Voluntary muscle activation and interlimb MMR facilitation after spinal cord injury
Long descending propriospinal neurons within the cervical enlargement

have been shown to receive excitatory input from both reticulospinal and
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corticospinal tract fibers in mice, rats, cats, and primates (Alstermark, Lundberg
et al. 1987, Rosenzweig, Courtine et al. 2010, Ni, Nawabi et al. 2014, Mitchell,
McCallum et al. 2016), possibly providing an alternative route for supraspinal
input which would allow integration of relevant afferent information ‘en route’ to
the lumbosacral motor networks. As previously mentioned, animal models of SCI
have also indicated a role for propriospinal networks in recovering supraspinal-
spinal connectivity after SCI (Bareyre, Kerschensteiner et al. 2004, Courtine,
Song et al. 2008, Filli, Engmann et al. 2014). Based on these findings, the
relationship between interlimb MMR facilitation and volitional leg muscle
activation was also examined.

The FNPA allowed objective identification of volitional muscle activation,
which was expressed as the ratio of active to baseline EMG amplitude. Seven of
eighteen participants demonstrated volitional muscle activation of at least one leg
muscle, indicating some residual neural connectivity to the lumbosacral motor
circuitry caudal to the level of lesion. In comparing MMR conditioning studies and
FNPA results, 73% of muscles in which volitional activation was observed also
demonstrated MMR facilitation in response to ulnar nerve stimulation. Similarly
83% of muscles in which volitional activation was not observed also showed no
statistically significant change in MMR amplitude in response to ulnar nerve
stimulation. As discussed in the previous chapter, although the group results
showed a significant relationship (p<.0001), the results were variable among
those participants with volitional activation. In particular, 4 participants, who were

all full time community ambulators with similar levels of functional independence,
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were able to volitionally activate all lower extremity muscles. However MMR
facilitation of all muscles was observed in only two of these participants, while the
remaining two only demonstrated MMR conditioning in just one muscle each.
Such a discrepancy between individuals with similar levels of function can most
probably be attributed to differences in the location and mechanism of injury, and

the individualized reorganization of the spared circuitry.

Limitations

Interlimb modulation studies in SCI participants were difficult to analyze
and interpret. The primary methodological limitations included the inability to
directly identify the route of transmission, and increased variability in responses
observed in SCI participants, presumably related to pathological changes in sub-
lesional spinal circuits. Analysis of the variability in the control responses
revealed increased variability in these subjects, which in some instances
revealed longer lasting effects on motor neuron excitability from a single
stimulation than were observed in the non-injured participants. This may have
played a role in the incomplete participants in whom no conditioning was
observed. In addition, while we attempted to target the ideal test MMR amplitude
in each muscle for conditioning studies, this was not always possible in all
subjects due to pathological differences in MMR recruitment thresholds among
muscles as well as time constraints. For these reasons, it is possible that
methodological limitations can account for the lack of modulation in some

muscles demonstrating volitional activation.
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Additionally, while we insured that all participants had not participated in
any therapeutic activities and were not taking any anti-spasticity medications the
day of the assessment, we did not control for the time of day or diet, both which

might have influenced the overall physiological state of nervous system.

Future Directions

The current study represents a first step in the direction of pathway
specific spinal cord injury assessment. Several methodological modifications may
be recommended for future studies of the putative inter-enlargement
propriospinal pathways in humans. Lingering questions regarding the
involvement of supraspinal relays in interlimb reflexes may be more directly
assessed by electrical stimulation of both enlargements in the same condition-
test paradigm as used in the current study. This simplifies the calculation of
central conduction by removing peripheral conduction from the equation, and
movement of either electrode rostro-caudally along the spinal cord could provide
the most definitive evidence to date of the existence (or lack thereof) of both long
ascending and long descending propriospinal neurons in humans. The proposed
methodology might further be improved by the use of pulse trains and/or
continuous stimulation as both test and conditioning stimuli.

Simultaneous stimulation of both enlargments in therapeutic stimulation
paradigms is also intriguing. It might be hypothesized that sub-motor threshold
cervical spinal stimulation, in a similar manner to what is observed with
lumbosacral stimulation, could raise the excitability level of local cervical

networks through the increased afferent input, and allowing more efficient and
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effective relay of supraspinal inputs via long descending propriospinal neurons
residing in these segments.

Spinal stimulation frequency in the current study was 1/6sec, or .167Hz. In
contrast, epidural spinal stimulation frequencies reported to promote postural
muscle activation in standing or volitional movement in paralyzed muscles are
typically 25-40Hz (Angeli, Edgerton et al. 2014, Rejc, Angeli et al. 2015). As
such, future studies should also assess conditioning stimuli while lumbosacral
spinal stimulation delivered at these more functionally relevant frequencies.

Interestingly, despite the very low stimulation frequency used in the
current study, a large number of participants reported a subjective decrease in
spasticity and/or neuropathic pain which persisted for several hours following the
experiment. At present only preliminary reports exist on the effects of
transcutaneous spinal stimulation on spasticity and neuropathic pain, and this
line of investigation seems intriguing, especially given the scarcity of effective
non-pharmacological treatment strategies for either condition.

While a single index of motor function might summarize the extent of
residual volitional motor function in individuals with SCI, it fails to effectively
characterize the capacity of the spinal cord to effectively integrate sensory
information and to generate appropriate motor behaviors (Sherwood, Dimitrijevic
et al. 1992). One of the primary reasons for this is the nature of the testing
conditions under which the assessment(s) is/are carried out (Maegele, Muller et
al. 2002, Forrest, Sisto et al. 2008). As such, studies of descending pathways in

functionally relevant conditions may vyield different results. Recent studies of
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propriospinal function in humans have frequently utilized similar conditioning
paradigms during walking or cycling of the upper and/or lower extremities. Such
conditions require arm and leg coordination, so the presence or absence of
phase modulation as well as the functional latencies would add to the
interpretation of the nature of the descending facilitation. Use of the current and
proposed conditioning paradigms in these more functionally relevant
circumstances can further elucidate the extent to which a functional long
propriospinal system and/or other descending systems are involved in producing
task-specific muscle activation seen during standing and stepping, as well as
volitional movement. Conditioning stimulation applied during the performance of
these tasks in the presence of continuous spinal stimulation would provide the
most direct information regarding their roles, in muscle activity observed. Further,
once residual and or de novo pathways are identified, comparison with clinical
outcomes could provide additional insights into the role or the respective
descending tracts in the clinical presentation of individual subjects. For example,
clinical presentation of hypertonicity or ‘spasticity’ as it is usually referred to the
clinical setting, can vary greatly among individuals in terms of local vs. global
effects, severity, and variability throughout the sleep-wake cycle and in different
functional positions. While it has been hypothesized that increased hypertonicity
during standing and gait is related to residual vestibulospinal and reticulospinal
inputs which control posture and gait to a large extent, these and similar

hypotheses could be more directly examined using the described techniques.
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Several studies have shown that paired-associative stimulation can
strengthen existing neural synapses via Hebbian mechanisms (Possover 2014,
Dixon, Ibrahim et al. 2016). In the current study, a facilitative effect was seen at
the spinal motor neurons following stimulation of both the ulnar nerve and the
lumbosacral spinal cord at the appropriate latency. Future studies should seek to
determine whether repetitive dual-site stimulation can strengthen these
connections over time. Stimulation of both upper and lower limbs during
ambulation might serve to strengthen descending intralimb inputs, thus improving
the overall locomotor neuromuscular and kinematic patterns. This technique has
the advantage of incorporated the paired associative stimulation techniques,
providing excitation both above and below the the level of lesion except in high
cervical lesions, into a activities-based intervention which also engages other
supraspinal-spinal tracts in the maintenance of balance and posture during the
task.

In particular, combining multi-muscle neuro-muscular electrical stimulation
(NMES) with spinal stimulation could promote muscle activation sufficient for
standing/stepping at much lower stimulation intensities than either NMES or
spinal stimulation applied alone. This would of particular importance to training
paradigms incorporating transcutaneous spinal stimulation in patients with intact
sensation and/or risk of autonomic dysreflexia.

As discussed, altering the functional state of the spinal cord via spinal
stimulation at sub-motor threshold intensities allows the lumbosacral circuitry to

produce functional muscle activation patterns in response to relevant
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proprioceptive input; however even when using multiple sites of spinal stimulation
and/or multiple spinal stimulation configurations concurrently, the overall muscle
output that is produced, in particular the relative balance between flexors and
extensors, can vary by participant, and by limb or joint within a participant. To
address these asymetries, NMES could be used to augment the activation in
specific muscles where needed, introducing additional level of customization to
the stimulation for use in standing, stepping, or volitional movement training. Not
only could NMES be applied at different intensities to individual muscles, but the
on/off timing of this stimulation could be varied by muscle as well, which would

be advantageous for gait training as well as volitional movement training.

Also of note, while the presence of descending volitional control and/or
modulation of motor output in the presence of spinal electrical stimulation has
received much well deserved interest, the effects of such stimulation on the
ongoing ascending output from the spinal cord should not be overlooked. Spinal
stimulation provided transcutaneously or epidurally is applied over the dorsal
aspect of the spinal cord, and the effects on local networks’ excitability states are
mediated at least in part by stimulation of dorsal root afferents (Rattay, Minassian
et al. 2000, Ladenbauer, Minassian et al. 2010, Danner, Hofstoetter et al. 2011).
Whether the sensory input to supraspinal centers is 1) altered in the presence of
spinal electrical stimulation and 2) required for the re-emergence of volitional

movement are important questions which need to be investigated.
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