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Abstract

In this thesis sensorimotor integration in the hargginal cord was investigated
in the intact (Chapters 2 and 3) and injured nes\va&ystems (Chapter 4-stroke;
Chapter 5-spinal cord injury (SCI)). In Chaptet 2haracterized a short-latency
reflex pathway between sensory receptors of thelddeg and the erector spinae
(ES) muscles of the lower back that may play a irokke maintenance of posture
and balance. The ES reflexes were evoked bil&drgltaps applied to the
Achilles’ tendon and were modulated by task. Femttore, these reflexes
involved a larger contribution from cutaneous recepin the lower limb, rather
than muscle spindles. In Chapter 3, | investigatezhges in reflex transmission
along the H-reflex pathway throughout 10 s traihseuromuscular electrical
stimulation (NMES) using physiologically relevanédquencies (5-20 Hz) and
during functionally relevant tasks (sitting andnstimg) and background
contraction amplitudes (up to 20% MVC). The resoltthis study revealed
strong post-activation depression of reflex amgkts followed by significant
recovery during the stimulation, both of which weruenced by stimulation
frequency and background contraction amplitude notitask. During 10 Hz
stimulation, reflex amplitudes showed complete vecy (i.e. back to their initial
values), and at times, complete recovery occuryetthd third reflex in the train.
These results demonstrate that transmission alengl{reflex pathway is
modulated continuously during periods of repetitiyeut. In Chapters 4 and 5, |
studied the extent to which a novel stimulationt@col that incorporated wide

pulse widths (1 ms) and high frequencies (up to H@P(wide-pulse NMES; WP-



NMES), could enhance electrically-evoked contradithrough a “central
contribution” in individuals with stroke or SCI.his central effect arises from the
electrical activation of sensory axons, which imtueflexively recruit
motoneurons in the spinal cord. After stroke, cactions evoked by WP-NMES
were larger in the paretic arm than the non-pagetic. After SCI, transmission
along the H-reflex pathway was observed throughmains of WP-NMES; direct
evidence of a central contribution. These resutgest that maximizing the
central contribution during WP-NMES may be usetulhaintaining muscle

quality after neurological injury.
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Chapter 1: General Introduction

The most influential publication on sensorimotdegration within the
nervous system remains, for many, the work pubdigheSir Charles Sherrington
in 1906 titled, “The integrative action of the neng system”. Sherrington, a
pioneer in the field of spinal circuitry and synagtansmission, synthesized the
anatomical and physiological findings of the daptesent an organized and
functional picture of the nervous system. Basetiisrbelief in the Neuron
Doctrine (Ramon y Cajal 1909, 1911), he introduitedidea of the spinal reflex:
the simplest unit of integration in the nervousteys However, as Burke (2007)
states in his review of Sherrington’s work, Shegtam qualified the notion of a
simple reflex as “probably a purely abstract comiogp because all parts of the
nervous system are connected together and nofaars @robably ever capable
of reaction without affecting and being affectedvayious other parts, and it is a
system certainly never absolutely at rest”. Shgtan’s ideas acted as the
platform for the work of many other investigatorsawhave gone on to provide
more detailed descriptions of spinal circuits andae in-depth understanding of
the numerous mechanisms involved in synaptic tréssan.

The work in my thesis is yet another extensionleér8ngton’s original
ideas, in that the common theme is sensorimotegmtion in the human spinal
cord. Spinal circuitry and reflex transmission &vervestigated in the intact
nervous system (Chapters 2 and 3) and the injugegbas system, including
stroke (Chapter 4) and spinal cord injury (SCI; itea5). In Chapter 2, |

characterized a short-latency spinal reflex betwberlower limb and lower back



musculature. In Chapter 3, I investigated chamgesflex transmission along the
H-reflex pathway during neuromuscular electricahstation (NMES), related to
postural state, stimulation frequency, and thellef/eackground contraction. In
Chapters 4 and 5, | applied my knowledge of sensmor integration and
changing views of reflex transmission during NMB&ésting the effects of a
novel NMES protocol in individuals with stroke o€CB5

This general introduction consists of four maintees. The first two
sections provide background information on the ajpaircuitry and mechanisms
of reflex transmission involved in responses to Ima@acal or electrical stimuli in
the intact nervous system. The third section ihetubackground information on
the use of NMES for rehabilitation and describesghbtential benefits of the
novel NMES protocol, used in Chapters 4 and 5irfdividuals with stroke or
SCI. The last section focuses on changes in réffgsmission after stroke and
SCI and how these changes affect responses toied¢stimulation.

1.1 Sensorimotor integration in the intact human nevous system: Spinal
circuitry

Spinal reflexes are characterized by the rapidstrassion of sensory
information from skin, joint, or muscle receptas cells within the spinal cord
which produce motor responses without involvemssrnfthe brain. When a
mechanical or electrical stimulus is applied togsbgace of the skin it is not
possible to activate one afferent pathway in isofatinstead a mixed sensory
volley is evoked (Burke et al. 1983). For thissaathe spinal reflex pathways

that are described in this section include la@imup I, and cutaneous afferents,



as well as reflex pathways that connect the uppéd@wver limbs (“interlimb
reflexes”).

1.1.1 Spinal projections of la afferents

la afferents originate from the primary endingsmfscle spindles and
transmit information related to changes in musetgth during human movement
(Matthews 1972). la afferents have extensive mymegstic projections onto
motoneurons of homonymous and synergistic musBlesl€s et al. 1957). They
have also been shown to project to la inhibitotgrineurons to facilitate
reciprocal inhibition of the antagonist motor pdolfirst-order primary afferent
depolarization interneurons to evoke presynaptidition on its own terminals,
to Group Ib interneurons to promote inhibition ohfonymous motoneurons, and
to Group Il propriospinal interneurons (Pierrot-Bigyny and Burke 2005).
Descending input does not modulate la afferenviggilirectly; rather it
modulates the level of presynaptic inhibition orateerent terminals through
activation of primary afferent depolarization imeurons (Andén et al. 1966).

During human experimental protocols, la afferemtsactivated by a tap
or vibration delivered to the muscle tendon, oceleal stimulation delivered to a
peripheral nerve. The responses evoked by thesealisare the tendon reflex,
tonic vibration reflex, and Hoffmann reflex (H-rexX), respectively; the H-reflex
was an outcome measure in Chapters 3 and 5 ahisss. The H-reflex
technique, developed by Hoffmann (1918, 1922),rsarded by Magladery &
McDougal (1950), involves the application of sudaadectrical stimulation to a
peripheral nerve trunk, proximal to the muscleyp@Hisiaszek 2003). la

afferents can be activated preferentially to matayns when using low



stimulation currents and long pulse durations {Q.Bs) (Panizza et al. 1989;
Veale et al. 1973) due to the longer strength thurdime constant and lower
rheobase of sensory axons compared to motor alkamszza et al. 1992). The
large synchronous volley that arrives at the matomes via the la afferents,
recruits motoneurons synaptically according todize principle (Bawa et al.
1984; Henneman et al. 1965) and produces an Hxreflae early portions of the
H-reflex have been shown to use a monosynapticzy@gthhowever it is possible
for oligosynaptic pathways to be involved in thietgortions, which include
contributions from other afferents (Burke et al34p

1.1.2 Spinal projections of Ib afferents

Ib afferents originate from Golgi tendon organd aglay information
about active muscle loading (Jami 1992). Ib affesevia a di-synaptic or tri-
synaptic pathway that incorporates the Ib interaeucan inhibit homonymous
and synergistic motoneurons, and excite antagonisdtoneurons (Eccles et al.
1957). Ib afferents also project to first ordanmary afferent depolarization
interneurons to facilitate presynaptic inhibitiom kb afferent terminals (lles 1996;
Mizuno et al. 1971), and to Group Il propriospimderneurons (Edgley and
Jankowska 1987). A multitude of projections alsowerge onto the Ib
interneuron which include: 1b afferents supplyilygergistic and antagonistic
muscles, excitatory input from la afferents andhvaidditional interneurons,
excitatory input from cutaneous and joint afferdgifterrot-Deseilligny and Burke
2005). Lastly, descending input onto the Ib inéemon is excitatory in nature
from the corticospinal and rubrospinal systems,iahtbitory from the dorsal and

noradrenergic reticulospinal systems (Jankowsk&)199



1.1.3 Spinal projections of Group Il afferents

Group Il afferents originate from the secondaryiegsl of muscle
spindles and transmit information related to charnganuscle length (Matthews
1972). Their electrical threshold is approximat®p times greater than la
afferents and they conduct slower than la affer@iesrot-Deseilligny and Burke
2005). Historically, Group Il afferents were indkd in the “flexor reflex
afferent” group due to the strong excitation okfiemuscles and inhibition of
extensor muscles caused by their activation (E@tesLundberg 1959). Group
Il afferents project mainly to Group Il interneusyralso known as propriospinal
neurons. Group Il interneurons receive excitatopyt from la and Ib afferents
(Edgley and Jankowska 1987), cutaneous and jdierteaiits (Jankowska 1992),
and the corticospinal, reticulospinal, rubrospiaaig vestibulospinal systems
(Davies and Edgley 1994). Descending noradrengaicways inhibit Group Il
interneurons (Jankowska and Riddell 1998). Prgsynanhibition of Group Il
afferent terminals is also possible through acitveof primary afferent
depolarization interneurons (Jankowska and Ridd#B). Lastly, Group Il
interneurons facilitate flexor motoneurons, ang/tt@n depress or facilitate
extensor motoneurons (Eccles and Lundberg 1958pdaka 1992). Group Il
interneurons also have facilitatory projectiongémnma motoneurons (Gladden et
al. 1998).

1.1.4 Spinal projections of Cutaneous afferents

Cutaneomusclar reflexes involve the activation ethanoreceptors in the
skin, and their corresponding low threshold cutaseafferents, by non-noxious

stimuli. Cutaneomuscular reflexes often involvigasynaptic pathways at the



level of the spinal cord, brainstem, and cortex actd/ation of these pathways
has been shown to modulate spinal excitability 8asefunctional state (Pierrot-
Deseilligny and Burke 2005). Low threshold cutareafferents facilitate the
activity of la interneuronéRossi and Mazzocchio 1988), Group Il interneurons
(Jankowska 1992), and gamma motoneurons duringicdunctional tasks
(Aniss et al. 1992). They also project onto leineurons and can facilitate or
inhibit Ib inhibition (Pierrot-Deseilligny et al.9B1; Pierrot-Deseilligny and
Fournier 1986). Lastly, cutaneous afferents cavess the activity of first order
primary afferent depolarization interneurons, tasreasing the level of
presynaptic inhibition on la afferent terminals (Rmin et al. 1983).

1.1.5 Interlimb reflexes

Reflex pathways also exist within the human spooatl that allow for
rapid communication between the upper and lowebdifiinterlimb reflexes”)
during tasks such as walking and swimming, andtareght to assist with
coordination of the limbs (Dietz et al. 2001; Waamret al. 2001). Delwaide and
Crenna (1984) studied interlimb reflexes in humidangugh the stimulation of
cutaneous afferents in the median and sural nemtdke recording responses in
the non-stimulated upper and lower limbs. Theyolesd short-latency responses
(=70 ms) in the soleus in response to median neéimelgation and responses in
the biceps brachii and triceps brachii muscleggponse to sural nerve
stimulation. Concurrent work done by Kearney ahdi©(1979, 1981) showed
interlimb reflexes in muscles of the arm evokedbtaneous or muscle afferent
stimulation in the lower limb. Currently, interlimreflexes have been

characterized in many muscles of the upper andrltmés in response to



cutaneous stimulation (Zehr et al. 2001). Furthadence for interlimb reflex
pathways in humans was provided by studies in wimtdrlimb reflexes were
reported in individuals with complete cervical sgdinord injury (Calancie 1991;
Calancie et al. 1996). Interestingly, whether shetency reflex connections exist
between sensory receptors in the limbs and the lesis€the trunk has not been
explored. The study described in Chapter 2 ofttiesis was designed to test the
hypothesis that spinal reflex pathways connect@gneceptors in the lower leg
to the erector spinae muscles of the lower backreMpecifically, | hypothesized
that reflex pathways would connect spindles inttloeps surae muscles of the
ankle to the ES muscles.

1.2 Sensorimotor integration in the intact human ne/ous system:
Mechanisms involved in reflex transmission in the@nal cord

This section focuses on mechanisms that regudfiexrtransmission in
the spinal pathways described above. The mostalienechanisms to this
thesis, and those that are described specificaliyiy are: post-activation
depression (PAD), presynaptic inhibition (PSI),ipeacal inhibition (RI), post-
tetanic potentiation (PTP), recurrent inhibitiongdgersistent inward currents
(PICs). Changes in these processes that occursafvde or SCI are described in
Section 1.4.

1.2.1 Post-activation depression (PAD)

It is well-established that the monosynaptic seftan be facilitated or
depressed based on stimulation frequency (Curti€aeles 1960; Lloyd and
Wilson 1957; Luscher et al. 1983). In humans, tyjie of depression is often

elicited by delivering 2 pulses of electrical stiation at various inter-stimulus



intervals. If the inter-stimulus interval is lebsn 10 s, the amplitude of the
second reflex is typically depressed comparedédditht (Rothwell et al. 1986),
and this type of depression is called post-activatiepression (PAD) (Crone and
Nielsen 1989), homosynaptic depression (BeswickErahson 1957) or low
frequency depression (Ishikawa et al. 1966). Palmited to the previously
activated la afferent terminals, hence the usa®térms post-activation or
homosynaptic depression. Currently, PAD is asdriloea lower probability of
neurotransmitter release at the 1a afferent-motomesynapse during repetitive
activation of 1a afferents (Hirst et al. 1981; Hoiin et al. 1996; Kuno 1964).
PAD of reflex transmission may play a role in ntaining the sensitivity
of the motoneuron during movement by reducing theunt of feedback
converging onto the motoneurons (Hultborn and Niel$998); however the
evidence of PAD during functional tasks and differeackground contraction
amplitudes is variable. For example, PAD has lveported to be unchanged
(Goulart et al. 2000), reduced (Field-Fote et @D&) or absent (Stein et al. 2007)
during standing compared to sitting, when similackground contraction
amplitudes were held during both tasks. PAD hss béen shown to be reduced
or absent when seated participants held a voluetamtraction (Burke et al. 1989;
McNulty et al. 2008; Rothwell et al. 1986; Steira&t2007; Trimble et al. 2000).
A primary focus of Chapter 3 was to quantify thieeff of task (sitting vs.
standing), stimulation frequency (5-20 Hz), andtcaction amplitude (relaxed to
20% MVC) on the immediate depression of soleusfléxes evoked by 10 s

trains of stimulation. Interestingly, previous Wwdras shown recovery of H-reflex



amplitudes during trains of tetanic stimulationgkdwicz et al. 2006; Nozaki et
al. 2003). In Chapter 3, | also characterized tht®very of reflex amplitudes
during tetanic stimulation in relation to tasknstiiation frequency, and
background contraction.

1.2.2 Presynaptic inhibition (PSI)

PSI was first observed in the cat by Frank andtesq1957) when they
noticed depression of monosynaptic la excitatorstpmaptic potentials (EPSPS)
in motoneurons that did not coincide with changethe motoneuron excitability.
Further investigations conducted by Eccles andeagllies (1962) showed that the
inhibition was due to depolarization of the primafferent terminals through an
inhibitory action of primary afferent depolarizatilnterneurons. Last-order
primary afferent depolarization interneurons re¢eth® inhibitory
neurotransmitter, gamma amino-butyric acid (GABAhjch activates GABA
receptors on the la afferent terminal. This ldadm efflux of chloride ions and
resultant depolarization of the afferent terminghis early depolarization of the
afferent terminal means there will be fewer voltageasitive sodium channels
ready to activate when the next action potentiaves, thus decreasing the
depolarization of the terminal. A smaller depdarg current will reduce the
influx of calciumions and the subsequent release of neurotransifiRitiglomin
and Schmidt 1999).

PSI of la afferents changes in relation to funwicstate. PSI of la
afferents in the soleus and quadriceps musclebd®s shown to decrease at the
beginning of a voluntary contraction (Meunier andrt-Deseilligny 1989;

Pierrot-Deseilligny 1997). It was suggested thidltdensory feedback is



paramount at the beginning of a movement to helpgecofor small errors in the
intended movement. As the contraction continu&$ réturns to normal or pre-
movement levels. During walking, PSI of soleusfi@rents shows a general
increase, and this increase is further modulatexlitfhout the step cycle
(Capaday and Stein 1986; Faist et al. 1996). likety that PSI contributed to the
results in this thesis because participants weyeired to perform specific tasks
and maintain various background contraction amgdituduring various
experiments.

1.2.3 Reciprocal inhibition (RI)

RI was first characterized by Sherrington (189@%ing a decerebrate cat
preparation, he observed that contraction of ongcleuwas linked to the
relaxation of its antagonist. This pathway washer described by Eccles and
colleagues (1956) who used intracellular recordiogsstablish the presence of
one inhibitory glycinergic interneuron in the Ritpaay that projects onto
motoneurons in the antagonist motor pool. Thiermeuron was coined the la
interneuron. la interneurons have three distingngfeatures: they receive
monosynaptic input from la afferents, they profeatnotoneurons antagonistic to
the muscle that they receive la input from, ang #»erience disynaptic
recurrent inhibition from the motoneuron supplythg agonist muscle (Hultborn
et al. 1971; Jankowska and Lindstrom 1972). larirgurons are also controlled
by inputs from the corticospinal, rubrospinal, amgdtibulospinal tracts (Hultborn
et al. 1976; lllert and Tanaka 1978).

In humans, RI has been conclusively shown in negsatting at the elbow

(biceps brachii and triceps brachii; Katz et aB1pand at the ankle (tibialis
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anterior and soleus; Crone et al. 1987). The dwpthe la interneuron changes
during motor tasks due to descending input andtteagth of the afferent input it
is receiving. Descending input can affect the outd the la interneuron directly
or by altering the level of PSI acting on the Iteednt terminals (Kudina et al.
1993). The strength of the afferent feedbackadsaased by activation of gamma-
motoneurons (Morin and Pierrot-Deseilligny 197 &rRat-Deseilligny and Burke
2005) and reduced due to mechanisms such as pgostt@an depression at the la
afferent-la interneuron terminals during periodsegfetitive firing (Lamy et al.
2005). For example, during a focused contractioone muscle, RI that would
normally be evoked by stretch of the antagonistateus reduced (Shindo et al.
1984). During muscle co-contraction, Rl is marke@iduced in both muscles to
allow for unopposed and necessary activation di baiscles (Nielsen and
Kagamihara 1992). Lastly, during gait, Rl is madatl in accordance with the
phase of the step cycle (Petersen et al. 1999).

1.2.4 Recurrrent inhibition

Recurrent inhibition was first characterized by &eaw (1941) based on
experiments he conducted on animals with theiralomots sectioned. After
delivering antidromic pulses to the motor axonthefhomonymous muscle, he
observed a short latency inhibition of the monogyicaeflex in the homonymous
motor pool. Eccles and colleagues (1954) deterthihis inhibition was initiated
by the activation of recurrent collaterals on theton axons; the recurrent
collateral pathways activated inhibitory internews@eferred to as Renshaw cells.
Renshaw cells receive input from several sourcgsidmg: recurrent collaterals

from a number of neighboring motoneurons (Eccled.et954; Eccles et al.

11



1961), cutaneous and Group Il muscle afferents|{Ryad Piercey 1971; Wilson
et al. 1964), and descending input (Baldisser& 4981). The strongest
projection from Renshaw cells is onto homonymousomeurons, evident by
large recurrent inhibitory postsynaptic potent(#SPs). Renshaw cells also
project onto synergistic motorneurons and la irtbityiinterneurons of antagonist
motoneurons (Eccles et al. 1954).

Evidence from experimentation on humans suggeatgé¢current
inhibition leads to inhibition of the homonymous tmopool in muscles such as
soleus (Bussel and Pierrot-Deseilligny 1977), gicaghs (Rossi and Mazzocchio
1991), and flexor carpi radialis and extensor ceagialis (Katz et al. 1993).
During strong contractions recurrent inhibitiorthe active motoneurons, along
the homonymous pathway, is reduced (Hultborn aed&iDeseilligny 1979).
This reduced inhibition would allow for a high irtpautput gain for the
motoneuron pool during strong contractions. Intast, during weak
contractions (Hultborn and Pierrot-Deseilligny 19@8ad periods of co-
contraction (Nielsen and Pierrot-Deseilligny 198&jurrent inhibition increases,
which would decrease the gain of the motoneuron. padditionally, increased
levels of recurrent inhibition would decrease attiin la inhibitory pathways,
allowing for increased activation of antagonistiasules.

1.2.5 Post-tetanic potentiation (PTP)

PTP results in a prolonged increase in reflex &oge following a period
of repetitive muscle afferent stimulation (Lloyd4Bd. In the cat, stimulation at ~
300 Hz for 10-12 s was most effective for maximggiTP (LIoyd 1949). The

mechanisms which lead to PTP occur presynapticgartotoneuron at the
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afferent terminal (Curtis and Eccles 1960). Thestwadely accepted mechanism
IS an increase in neurotransmitter release aftgr fiequency stimulation caused
by a lower probability of failure to release newaosmitter from the presynaptic
terminal, coinciding with a higher probably of miduantal release (Hirst et al.
1981). PTP at the 1a afferent-motoneuron synagselso been demonstrated in
humans (Hagbarth 1962; Kitago et al. 2004; O'Ledrgi. 1997; Van Boxtel
1986) and could increase the contribution fromepaflely activated motoneurons
to contractions evoked by the repetitive electratahulation used in Chapters 3,
4, and 5 of this thesis.

1.2.6 Persistent inward currents (PICs)

In addition to postsynaptic mechanisms, motoneesanitability is also
largely determined by the electrical propertiesimsic to the motoneurons
(Heckman et al. 2009). One example of an intripsaperty is the PIC. PICs are
mediated by voltage-sensitive persistent sodiumlLatyghe calcium channels in
the motoneuron (Hounsgaard et al. 1984; Li and B&r#003). PICs amplify
synaptic input and, due to their slow inactivatiate, they help sustain
motoneuron firing (Crone et al. 1988; Lee and HeakrR000). The primary
neuromodulatory systems responsible for PIC moutulare the serotonergic
system, which originates in the raphe nucleus atehses serotonin, and the
noradrenergic system, which originates in the lanesuleus nucleus and
releases norepinephrine (Holstege and Kuypers 198¢)eased monaminergic
drive amplifies PICs, while decreased levels redeié2 amplitudes (Heckman et

al. 2005; Lee and Heckman 2000). Monaminergicediswegulated by the state
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of arousal (i.e. sleep vs. fight-or-flight responaed undergoes marked change
after an injury to the central nervous system, sagchtroke or SCI.

The importance of PICs for the discharge of humatoneurons has also
been suggested, although only indirect measuresvaikable (Collins et al. 2002;
Gorassini et al. 1998, 2002; Kiehn and Eken 19%W)er periods of tendon
vibration (Gorassini et al. 1998) or NMES (Collietsal. 2001, 2002), human
motor units exhibited self-sustained firing, whista hallmark of PIC activation.
An indirect method has also been developed to gydiCs in humansAF;
Gorassini et al. 1998, 2002). Similar to the aimadels, PIC amplitude in
human motoneurons is also sensitive to monoaminergre. In cases where
amphetamines were administered to participantse thhas a large increase in PIC
amplitude and a decrease in the time it took ferRIC to activate, compared to
the participants who received a placebo treatmamdose of caffeine, which is
known to stimulate the release of serotonin an@émiaephrine, also increased
self-sustained firing in the tibialis anterior mlesm those that ingested it
compared to a control group (Walton et al. 2008)relation to this thesis, PICs
may have been activated during the NMES used ipteha3, 4, and 5, and thus
would have contributed to motoneuron recruitmemirduthe electrically-evoked
contractions.

1.3 Overview of Neuromuscular Electrical Stimulatio

Currently in Canada, there are close to 300 0@plediving with
functional impairments caused by a stroke (Canadieert and Stroke
Foundation) and 36 000 people affected by SCI (GianaParaplegic

Association). Based on these statistics, the fere@habilitative techniques that
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maintain muscle health and function is evident. B8/is one such technique that
is used to activate paralyzed muscle. An electiicent, most often delivered via
surface electrodes placed on the surface of thre dkpolarizes the motor axons
that lie beneath the electrodes causing the misdentract. Typical NMES
parameters include frequencies between 20-50 Hpalse widths of 200-300 us
(de Kroon et al. 2005). After stroke or SCI, NME& been shown to assist with
muscle strengthening, maintenance of bone mineradity, joint stability,
activities of daily living, and exercise (Chae 2088 Kroon et al. 2002, 2005;
Dudley-Javoroski and Shields 2008; Glanz et al61$hields and Dudley-
Javoroski 2006; Stein et al. 2006; Van Peppen. &08l4).

Despite the advances made with NMES, limitatioaste During
voluntary contractions or reflexive activation, miotinits are recruited from
smallest to largest according to the size prindfplenneman et al. 1965). During
NMES, the motor unit recruitment order is subjecgteater debate. A common
assumption based on experiments involving directudation of motor axons
using implanted electrodes, is that the recruitnoedér is reversed (Gorman and
Mortimer 1983). This view has been challengedimgé that have shown the
recruitment order during electrical stimulatiommmal (Knaflitz et al. 1990;
Thomas et al. 2002) or random, and likely depemoisgsily on the orientation of
the axons in relation to the stimulating electroadesl less on axon diameter
(Feiereisen et al. 1997; Gregory and Bickel 200bgawu et al. 2007). A non-
physiological recruitment order would result indexctivity of the small fatigue-

resistant motor units compared to when the recentrorder is normal and small
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fatigue-resistant units are activated first. Inatst after injury leads to muscle
atrophy and changes in motor unit characteristiesglow motor units take on
characteristics of fast motor units) (Gordon antufla 1993; Shields 2002).
Weak and fatiguable muscle limits the use of NME8d) activities of daily
living or exercise where the stimulation is reqdite produce muscle
contractions of sufficient amplitude over a relativlong period of time. Lastly,
some individuals experience discomfort during tiwslation and therefore, do
not readily use it. There is a need for NMES prote that promote the orderly
recruitment of motor units, leading to increasedytee-resistance and reduced
muscle atrophy, and that minimize discomfort. Salvstudies have investigated
various stimulation protocols in an attempt toifudese requirements (Bickel et
al. 2004; Kesar and Binder-Macleod 2006; Scott.2G07; Stein et al. 1992).
The novel stimulation protocol used in Chaptersid 4 of this thesis is described
below.

NMES protocols which utilize high frequencies (o 00 Hz) and wide
pulse widths (1 ms) (wide-pulse NMES; WP-NMES) erdethe amplitude of
contractions through the addition of a “centraltatution” in individuals with no
neurological impairments (Collins 2007; Collinsaét2001, 2002) and those with
SCI (Nickolls et al. 2004). The high frequenciesl avide pulse widths are
thought to send a relatively large afferent volieyhe spinal cord, increasing the
reflexive recruitment of motoneurons and the likebd of activating PICs in
spinal motoneurons (Dean et al. 2007; Lagerquiat.2009). A potential

advantage of using WP-NMES for rehabilitation, camngal to traditional NMES,
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may be the orderly recruitment of motor units adddo during the central
activation of motor units. The activation of threalest motor units may also
help reduce atrophy and generate muscle contractiat are more fatigue-
resistant. Lastly, through the use of a wide pulgkh, lower stimulus currents
may be required to generate large muscle contrectidnich may reduce the
discomfort of the stimulation. Chapters 4 and $af thesis focus on the
application of WP-NMES in individuals with stroke 8CI, respectively.

1.4 Sensorimotor integration in the injured human rervous system

In this section | describe changes in reflex trassion, that occur at the
level of the spinal cord after stroke or SCI, whattuld influence the central
contribution to contractions evoked by WP-NMES iftieoke and SCI. The
most relevant mechanisms to this thesis, and tthatere described below, are:
post-activation depression, presynaptic inhibiti@ejprocal inhibition, recurrent
inhibition, and persistent inward currents. Pes$aic potentiation is not
discussed below because little is known about afgmimgpost-tetanic potentiation
at the la-afferent motoneuron synapse after stook&ClI.

1.4.1 Post-activation depression after stroke of SC

After stroke and SCI, PAD in reflex pathways colling the affected
limbs was reduced compared to an unaffected othheabntrol limb (Aymard et
al. 2000; Lamy et al. 2009; Masakado et al. 20@hjr&ller-lvens and Shields
2000). Furthermore, PAD was only reduced in irdlingls with chronic SCI, not
acute SCI (Schindler-lvens et al. 2000). Thisifwgdsupports the idea that the
reduction in PAD after injury is caused by alteyat at the 1a afferent-

motoneuron synapse due to low levels of activitgrdime, and not solely the
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immediate removal of descending drive (Hultborn Binelsen 1998). Typical
task-modulation of PAD is also impaired after igjuindividuals with SCI did
not show a reduction of PAD during supported stagdiompared to sitting, as
was observed in individuals with no neurologicapairments (Field-Fote et al.
2006). PAD has been implicated as a mechanismpasitigity and a recent study
found a correlation between PAD and spasticityrafteke (Lamy et al. 2009).

In relation to Chapters 4 and 5 of this thesigduction in PAD means that more
of the afferent input generated during WP-NMES memch the motoneurons of
the affected limb and increase the central contiobuo the electrically-evoked
contractions.

1.4.2 Presynaptic inhibition after stroke or SCI

There is also a reduction of PSI on la afferemhieals in humans after
stroke and SCI (Artieda et al. 1991; Aymard e28D0; Faist et al. 1994;
Kagamihara and Masakado 2005; Lamy et al. 2009abl@kna et al. 1989). Faist
et al. (1994) attributed increased facilitatiortlod soleus H-reflex in response to a
femoral nerve conditioning pulse in a group of indisals with paraplegia,
compared to a group of individuals with no neuradabimpairments, to less PSI
after SCI. Of relevance during WP-NMES, a reduttioPSI would result in a
greater release of neurotransmitter in responsach action potential that arrives
at the afferent terminals (Rudomin and Schmidt J9%milar to reduced PAD,
less PSI could enhance the central contributiczotdgractions evoked by WP-

NMES.
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1.4.3 Reciprocal inhibition after stroke or SCI

A number of studies have observed a reduction iafter stroke and SCI
(Boorman et al. 1991; Nakashima et al. 1989; Oketrad. 2002; Okuma and Lee
1996). However, for individuals with SCI this retion was often dependent on
functional recovery (Okuma et al. 2002; Okuma aed L996). When there was
poor recovery of walking ability, a reduction of Ras found, possibly related to
a decrease in the cortical facilitation of la irtoby interneurons or an increase in
the strength of mutual inhibitory connections betwéa inhibitory interneurons.
When the recovery of walking ability was high, Rds\found to increase after
SCI. It was suggested that intensive traininghefdorsiflexors during the
rehabilitation process may have resulted in angipation of RI to the
plantarflexors in an activity-dependent manner ii8biet al. 1984; Tanaka 1974).
The task-related modulation of Rl is also alteridranjury. RI typically
increases during standing and at the beginninglintary contractions in
individuals with no neurological impairments. lontrast, Rl was not
significantly different between sitting and stargl{fPerez and Field-Fote 2003) or
between rest and the beginning of a voluntary eation (Kagamihara and
Masakado 2005) in individuals with SCI.

1.4.4 Recurrent inhibition after stroke or SCI

Homonymous recurrent inhibition has been testeddividuals with SCI
and stroke, with inconclusive findings for both gps. One reason for this may
be that many studies included patients with a yapéneurological disorders. In
each study discussed below, the majority of thégpants experienced either a

stroke or a SCI. A study with a large cohort afiiiduals who had experienced a
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stroke found recurrent inhibition to be either uaiohed at rest or increased (Katz
and Pierrot-Deseilligny 1982). After SCI, recurtrerhibition was increased at
rest (Shefner et al. 1992). For both stroke ant] @Current inhibition was
modulated inappropriately during voluntary contiaict{Katz and Pierrot-
Deseilligny 1982). These changes in recurrentitibn may be linked to the
removal of tonic inhibitory input of Renshaw cdllem the corticospinal tract
(Katz and Pierrot-Deseilligny 1999). The NMES deted in this thesis would
have generated antidromic volleys in motor axoas ¢buld have triggered the
recurrent inhibition pathway. Additionally, if rerent inhibition was increased
in any of the participants included in Chaptersd &, the central contribution
during WP-NMES could have been reduced.

1.4.5 Persistent inward currents after stroke ol SC

In chronic SCI animal models, monoaminergic dtivepinal neurons is
severely diminished soon after the spinal cordsteation and leads to a reduction
of motoneuron excitability (Harvey et al. 2006; Hiegaard et al. 1988). Over
time, PICs develop on their own and restore théaitity of motoneurons
despite the very low levels of serotonin and norephrine present within the
spinal cord (Li and Bennett 2003; Murray et al. @01These changes in
motoneuron excitability parallel the developmenspésticity (Bennett et al.
2004). After human SCI, there is also evidencé Bi@s contribute to motor unit
activity (Gorassini et al. 2004; Hornby et al. 2p8i8ckolls et al. 2004; Zijdewind
and Thomas 2003). Gorassini et al. (2004) usaddirect measure of PIC
amplitude AF, see Gorassini et al. 1998) in individuals wi@l &nd estimated

that approximately 40% of the excitation to the omgturons during a spasm is
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provided through PIC activation. Furthermore,-sei$tained firing of motor
units has also been shown following WP-NMES (Nitkek al. 2004) or
voluntary contractions of paretic muscle (Zijdewsnrtd Thomas 2003).

The role of PICs in motoneuronal excitabilityes$ clear after stroke.
After a stroke the disruption of corticospinal inpoay lead to an increased
reliance on bulbospinal projections which providenmaminergic input to the
spinal cord (Cabaj et al. 2006; Dewald et al. 12Z98)1; Dewald and Beer 2001;
Ono and Fukuda 1995; Sukal et al. 2007). If morinargic drive is enhanced,
motoneuronal excitability should increase due toaeced PICs (Heckman et al.
2005), thus increasing the reflex gain of motonesrio the paretic limb.
Consistent with this idea, McPherson et al. (2G08nd that tonic vibration
reflexes in the biceps brachii muscle were largeghe paretic arm compared to
the non-paretic arm of individuals with chronic hparetic stroke. In contrast,
another study found no difference in an indirecasuge of PIC amplitude\f
measure) between the paretic muscle and the natigpar control muscle,
during voluntary ramp contractions of the bicepschii muscle (Mottram et al.
2009). Mottram et al. (2009) suggested that theemsed number of
spontaneously active motor units often recordetiénparetic limb may have
been due to a low-level tonic depolarizing synagtige either of cortical or
segmental origin, rather than enhanced PICs. Thasg is presently no
definitive evidence to support the idea that treeeechanges in motoneuron

properties after stroke. If PICs are enhancednmegdarger in amplitude and/or
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more readily activated, after stroke or SCI, thayrbe another factor driving the
central contribution to contractions evoked by WRHES in Chapters 4 and 5.

1.5 Summary and Thesis Objectives

The common theme throughout the chapters in tleisishis sensorimotor
integration within the human spinal cord. The eamrhing objective for this
thesis was to investigate how sensory input issfamed into motor output in
response to several different stimuli. This introiion has provided an overview
of the spinal circuitry and mechanisms of reflengmission involved in
responses to mechanical perturbations or elecstgallation in the intact and
injured human nervous systems. An introductiodM®-NMES and its potential
benefits for rehabilitation was also included. Bipecific objectives of each
thesis chapter are outlined below.

Chapter 2: The objective of Chapter 2 was to determine if¢hare spinal reflex
pathways between sensory receptors in the lowearieighe erector spinae
muscles of the lower back. | hypothesized thdexgbathways connect spindles
in the triceps surae muscles of the ankle to theter spinae muscles. The task
modulation and afferent origin of the reflexeshie erector spinae were also
investigated.

Chapter 3: The objective of Chapter 3 was to investigategtifiects of task
(sitting and standing), stimulation frequency (6, @r 20 Hz), and background
contraction amplitude (relaxed-20% MVC) on the @sgron and recovery of
soleus H-reflexes during 10 s trains of stimulatibpredicted that reflexes would
be significantly depressed immediately after tigt fieflex, but that reflex

amplitude would recover over the 10 s stimulusitrdihypothesized that both the
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depression and recovery would be influenced bywdttion frequency and
background contraction level, but not task.

Chapter 4: The objective of Chapter 4 was to investigate waeWP-NMES
augments muscle contractions after stroke. | hg®red that WP-NMES would
generate larger contractions in the paretic arrmpared to the non-paretic arm,
due to changes in reflex transmission and motomeeixaitability that occur after
stroke.

Chapter 5: The objective of Chapter 5 was to determine ttiergxo which
muscle contractions are driven through reflex patyswduring WP-NMES after
SCI. | expected that the reflexive contributioretectrically-evoked contractions
may be large after SCI due to changes in reflexstrassion and motoneuron
excitability. | hypothesized that transmissionrgdhe H-reflex pathway would

be initially depressed, but would recover during skimulation trains.
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Chapter 2: Reflex pathways connect receptors in theuman lower
leg to the erector spinae muscles of the lower back

2.1 Introduction

The neural control of human movement is mediatgquhin by reflex
pathways through the spinal cord. Some of thedengats transmit signals from
sensory receptors in one limb to the musculatuteebther three limbs. These
pathways form the substrate for interlimb reflettest are thought to contribute to
the coordination of all four limbs during tasks s walking (Dietz et al. 2001;
see Dietz 2002; see Zehr and Duysens 2004). imieneflexes are often studied
by activating receptors in one limb and recordiegponses in the remote, non-
stimulated limbs (Dietz et al. 2001; Haridas antrZ2003; Kearney and Chan
1979, 1981; Mienck et al. 1981; Zehr et al. 20&Ljch reflexes have been
observed in muscles of the upper limb from ankietjdisplacement (Kearney
and Chan 1981) and in all four limbs from electrgtamulation of cutaneous
nerves at the wrist and ankle (Zehr et al. 2001)eitNer reflex connections also
exist between sensory receptors in the limbs aadnibiscles of the trunk has not
been explored.

Activity of the trunk musculature is important fioraintaining upright
posture and ensuring stability during standingwaatking (Floyd and Silver
1955; Waters and Morris 1972). The lower erectanapmuscles (ES), in
particular, provide stability of the lumbar spinedaogether with the transverse

abdominus and internal obliques correct for chamy#se centre of mass

1 A version of this chapter has been published.
Clair JM, Okuma Y, Misiaszek JE, Collins DExp Brain Re4.96: 217-227, 2009
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(O’Sullivan et al. 2002) through a combination pir&l and cortical mechanisms.
Spinal mechanisms include the stretch reflexesdatbe demonstrated
experimentally by taps applied over the ES mug@asitrijevic et al. 1980;
Zedka et al. 1999) or during more natural tasksy @sult of small movements of
the trunk during arm movements (Zedka and Procha2Ra). In contrast to these
spinal mechanisms, after a more global posturauigsation ES activity has been
characterized as part of an automatic posturabresp(Cordo and Nashner 1982)
mediated in part through transcortical pathway(er et al. 1988). These
responses are modulated by an interaction betwaer@nat commands that depend
on prior experience, and afferent feedback fronpérgphery (Deliagina et al.
2008; Horak et al. 1989; Jacobs and Horak 2007iaszek 2006). Feedback
from spindles in muscles around the ankle joinhaight to be especially
important for postural control (Creath et al. 20D%etz et al. 1989; Fitzpatrick et
al. 1992; Kavounoudias et al. 2001; Nashner et%6). Trunk muscle activity in
particular is thought to be heavily influenced Ignsils from spindles in muscles
acting on the ankle joint (Kearney and Chan 19Bay)vever, the neural pathways
that mediate this control have not been well-define

The present experiments were designed to testyihethesis that there are
spinal reflex pathways between sensory receptdiseifower leg and the ES
muscles of the lower back. In particular, we thdubht reflex pathways would
connect spindles in the triceps surae muscles ¢T e ankle and the ES
muscles. To test this, brief taps were appliedhéoAchilles’ tendon (“tendon

taps”) to activate TS muscle spindles and electagmphic (EMG) activity was
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recorded bilaterally from ES. After establishing firesence of the ES reflexes,
we (1) investigated these reflexes during diffetasks and conditions (i.e. sitting
vs. standing, eyes open vs. eyes closed) to exploegher challenging the

postural demands influenced their expression apdx@lored the afferent origin.

2.2 Methods

Sixteen subjects participated in this study (8 maled 8 females; 18-46
years) after providing informed, written consertte 5tudy was conducted in 2
parts with 10 subjects participating in the firattpand 8 in the second part. The
experimental protocol was conducted in accordarnttetive standards set by the
Declaration of Helsinki and was approved by theltdedesearch Ethics Board at
the University of Alberta. All subjects reported Iback pain or history of
neurological disorders. Each experimental sessistedl between 1.5-3 h.

2.2.1 Electromyography

EMG was recorded from the right soleus and bi&lgfrom the lower ES
using disposable bipolar surface EMG electrodes(2nf, A10043-P, Vermed
Medical, Bellows Falls, VT). The soleus electrodese placed below the
gastrocnemius on the midline of the muscle. TheeleS&trodes were placed 2 cm
lateral to the L4-L5 spinous processes accordirthgaecommendations of
Cholewicki et al (1997). Reference electrodes (10.16 cm x 4.45 cm,
Electrosurgical Patient Plate: Split, 3M Health €&t. Paul, MN) were placed
on both anterior superior iliac spines. Given thatstimulation was always
delivered to the right foot, the right ES was defiras ipsilateral (iES) and the left

ES as contralateral (CES). For the experimentamh B EMG signals were
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amplified 1000-5000 times and band-pass filtered/een 10-1000 Hz (AMT-8,
Bortec Biomedical, Calgary, AB). For the experingemnt Part 2, EMG signals
were amplified 1000-5000 times and band-pass dittéretween 50-3000 Hz
(Neurolog System; Digitimer, Welwyn Garden City, Uata were sampled at
2000 Hz using custom written software (LabView, idia&l Instruments, Austin,
TX) and stored on a computer for later analysis.

2.2.2 Maximal voluntary contractions

At the start of each session, subjects performaximmal voluntary
contractions (MVCs) of soleus and ES while recejwerbal encouragement
from the experimenters. For the soleus MVC, subjeare seated with their right
knee and ankle at approximately 110° and 90°, otispéy. The right foot was
strapped to a stationary footplate and subject®peed maximal isometric
plantarflexion contractions. For the ES MVC, agtwaas looped around the
subject’s mid-back and attached to a metal franfeoimt of the subject. While
seated, with a hip angle of approximately 90° silngiect extended their trunk (i.e.
arched the lower back) against the strap to maknealgage ES. One to two
practice trials were performed for each musclegionit subjects to become
familiar with how to maximally activate each muscle

2.2.3 Part 1 Protocol: Erector spinae reflexes easbby Achilles’ tendon taps

These experiments were designed to quantify refléx ES evoked by
taps applied to the Achilles’ tendon. Data werdemdéd while subjects were (1)
standing with eyes open, (2) sitting with eyes gg8hstanding with eyes closed,
and (4) sitting with eyes closed. The sitting atahding trials were included to

determine whether reflex amplitude was modulated@ing to task. The eyes
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closed condition was included to provide a greaballenge to postural stability
and to increase the reliance on feedback from perg receptors for postural
control (Fitzpatrick et al. 1994; Nagano et al. @0@We predicted that ES
responses would be largest while standing with elesed due to the increased
postural demands of the task. During standingsthgects were instructed to
stand with their feet shoulder width apart, plagaad weight on each foot, look
straight ahead, and rest their hands at their skRfésr to data collection the EMG
activity in ES while standing was measured. Eadfesit matched this level of
activity during seated trials by contracting theiB$he manner described for the
MVC. During the eyes open trials, subjects usedalifeedback of the low pass
filtered EMG signal (0.3 Hz) displayed on a comp@iereen to maintain the
desired level of activity. During the eyes closedl$, subjects received verbal
cues from the experimenters when necessary totatpis ES activity level to
match the target level. The tendon taps were deld/enanually by the
experimenter, perpendicular to the right Achillesidon with a Taylor reflex
hammer. The hammer was equipped with a force semsésistor and this signal
was used to monitor the amplitude of the force igdpduring each tap, as well as
to trigger data collection. The taps were delivaredvoke a consistent, robust
stretch reflex in soleus as determined prior t@a dallection. Each trial consisted
of 40 taps, separated by 3-5 s, delivered withak perce of ~2 N. A set of
control trials was also collected, while subjectrevstanding with eyes open, in
which taps (n = 40) were delivered to the rightaakus, below the lateral

malleolus (“heel taps”) in a similar manner astéredon taps. The purpose of
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these trials was to minimize the activation of nkeispindles in the triceps surae,
while attempting to activate a similar proportidrcataneous receptors as during
the tendon tap. We predicted that the heel tapddieroke little or no reflex in
soleus or ES. The 5 different trials were preseirtedrandom order across
subjects.

2.2.4 Part 2 Protocol: Erector spinae reflexes leaa by cutaneous nerve
stimulation

These experiments were conducted to address theected finding that
ES reflexes evoked by tendon taps and heel taps megrsignificantly different.
Thus, in 8 subjects we investigated whether E®xefl could be evoked by
electrical stimulation of cutaneous afferents friv foot. The sural nerve was
chosen because it is a purely cutaneous nervéntiertvates the dorsal lateral
region of the foot, including the area where thel haps were applied. We
compared the amplitude and latency of ES reflexekex by sural nerve
stimulation, tendon taps, and heel taps. All datgevecollected while subjects
were standing with eyes open. The taps were apgidte tendon and heel as
described for Part 1 (above). The electrical statiah (4-pulses, 1 ms pulse
width, 300 Hz) was delivered using a Digitimer DS@@nstant current stimulator
(Neurolog System; Welwyn Garden City, UK) througbpmbsable bipolar
electrodes (2.54 cmA10043-P, Vermed Medical, Bellows Falls, VT) piac
over the sural nerve. One electrode was place@postand inferior to the lateral
malleolus and the other inferior to the lateralle@ls. Placement was adjusted
for each subject to find the site at which thers aalear radiating paresthesia

into the area of skin innervated by the sural netvie lowest stimulation
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intensity (radiating threshold, RT). During datdlection the stimulation was
delivered at 2-3 times RT and the inter-stimulusmval was varied randomly
between 3-5 s. This stimulation protocol is typichthat used to evoke cutaneous
reflexes in previous studies (i.e. Zehr et al. 2001the present study the stimuli
were non-noxious and did not evoke contractiorth@focal musculature that
could be attributed to the activation of motor axdBubjects completed 3 trials in
which they received either; (1) tendon taps, (2 aps, or (3) sural nerve
stimulation. In each trial they received 80 stinwilih an inter-stimulus interval

of 3-5 s. The presentation order of the 3 diffeteats was randomized across
subjects.

2.2.5 Data analysis

Data analyses were performed using custom-writtatldd software (The
Mathworks, Natick, MA). All EMG data were rectifiexhd low pass filtered (40
Hz, dual-pass Butterworth). The EMG recorded dutirgMVC for each muscle
was averaged over a 500 ms window centered ardwnpeak EMG. To quantify
reflexes evoked by the different stimuli (tendop, taeel tap, electrical
stimulation) for each subject, iIES, cES and solE$ were averaged over an
interval from 100 ms before to 250 ms after theev$ the stimulus train. In 2
subjects who participated in Part 1, the ES EM&ome trials was contaminated
by the signal associated with a heartbeat. ThelhestrEMG signals were easily
identified as large distinct waveforms appearimgutaneously in both ES
channels at random times in relation to the stitmia When this occurred the
sweep was removed from the analysis, thus averatgefar these subjects were

calculated from 25-30 sweeps. For Part 2, 80 sweeps collected in each trial
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and the first 40 sweeps that were not contaminayesignals associated with the
heartbeat were used for analysis, thus all avedtatgefor Part 2 were calculated
from 40 sweeps. For all muscles, the backgrouncchawtivity was calculated
as the average EMG over the final 100 ms priotitowdus delivery. Responses
were analyzed over fixed epochs, relative to stimanset, that were determined
based on visual inspection of the data (see Fig. Bor soleus, reflexes were
analyzed over a window 25-75 ms after stimulus preemsistent with a short-
latency stretch reflex. For reflexes in ES in Radata were sorted into early (15-
35 ms), middle (35-75 ms), and late (75-125 mskpoFor the tendon tap and
heel tap responses in Part 2, the latency of teeslaoch was shifted slightly
earlier (70-125ms) to more accurately capture gakpesponses in this group of
subjects. To quantify responses to stimulatiorhefdural nerve in Part 2, the
epochs were slightly later (early: 25-45 ms; midde-85 ms; late: 85-125 ms).
For each response epoch, the peak latency, ammlitundl sign were calculated.
Peak latency was calculated as the time from stimmahset to the point of
maximal excitation or inhibition. Amplitude was calated by subtracting the
average EMG over a 10 ms period, centered arouenddimt of maximal
excitation or inhibition, from the mean pre-stingllEMG, and was expressed as a
% MVC. The sign of the response was determined lgther the peak response
was larger (positive) or smaller (negative) thamiean pre-stimulus EMG.

2.2.6 Statistical Analysis

For all subjects in Part 1, Chi-square analygBsiere used to determine
whether there were significantly more excitatorgp@ses compared to inhibitory

responses, or vice versa, for each epoch. A regpaas considered significant
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when the EMG in a given epoch remained outsidex# 8D band, centered
around the mean pre-stimulus EMG activity, for @aimum of 5 ms. This 5 ms
criterion has been used in previous studies foattaysis of cutaneous reflexes
(Zehr et al. 2001; Haridas and Zehr 2003).

The subtracted and signed EMG values were usestdtistical analyses of
reflex responses across the group. Planned coropangere used to identify
significant differences between ES reflex ampligidetween the different
conditions in Part 1. A three-way repeated measamabysis of variance
(rmANOVA,; Task: sitting and standing; Eyes: opel @osed; Muscle: iES and
cES) was performed for each epoch to provide tipemxental error value for
the planned comparison analyses. To compare thefleRes evoked by tendon
taps with those by heel taps in each epoch, tloe eatue for planned
comparisons was extracted from a 2-way rmANOVAr(fetation: tendon taps
and heel taps; Muscle iIES and cES). A two-way rmAMQvas used to compare
soleus reflexes between conditions (Task: sittimg) standing; Eyes: open and
closed). For the experiments described in ParRamte two-way rmANOVAS
(Muscle: IES and cES; Stimulation: tendon taps| teges and sural nerve
stimulation) were used to compare ES response ardes and latencies evoked
by tendon taps, heel taps and sural nerve stiroal&br each epoch. Responses in
soleus were compared using a one-way rmANOVA (tantdps, heel taps and
sural nerve stimulation). In Parts 1 and 2, backgdocontraction levels for both
soleus and ES were compared between conditiong usiANOVAS. Tukey’s

HSD tests were used for post-hoc comparisons cAN®VA results when
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significant main effects or interactions were idieed. For all statistical analyses
the significance level was$0.05. Descriptive statistics are reported as thamm

+ 1 SD.

2.3 Results
2.3.1 Part 1: Tendon Taps

Reflexes recorded from ES and soleus in one stéjaite sitting with
eyes open and holding a bilateral background cotmbrain ES are shown in
Figure 2.1. For this subject, responses exceeded 8D band centered around
the pre-stimulus EMG (horizontal lines) and thuseveonsidered significant in
all three epochs for iES and cES. Figure 2.2 sheagonses recorded from cES
in another subject and highlights the qualitativeilsrity of reflexes recorded
during sitting (panel A) and standing (panel B)watyes open (thick lines) and
closed (thin lines). For the sake of clarity, th8[2 bands are not shown in this
figure.

The taps applied to the Achilles’ tendon elicitestr@tch reflex in soleus
in all subjects (Fig. 2.1c, 2.3d). These reflexesenalways excitatory with an
average amplitude of 160 £+ 83% MVC and a peak &3t@h 48 + 3 ms while
standing with the eyes open. There were no sigmifidifferences in the
amplitude (Fig. 2.3d) or latency of the reflexesoreled in soleus between
conditions. There was also no significant diffeebetween the background
EMG activity in soleus when the subjects were standuring the tendon tap

trials with the eyes open (6 £ 5% MVC) and the eglesed (6 + 4% MVC).
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Taps applied to the Achilles’ tendon evoked siguaifit reflexes in IES and
cES in all subjects. Significant reflexes consigiteetilominantly of early
excitation, followed by a middle latency inhibiticeind a subsequent period of
excitation. Table 2.1 summarizes the frequency,saagd latency of significant
ES responses evoked by tendon taps for the grop sifibjects. In iES,
significant responses were evoked in 80, 93, afd 8Ball trials for the early,
middle, and late epochs, respectively. Significasponses were recorded from
cES in 70, 83, and 95% afl trials for the early, middle, and late epochs,
respectively. For IES, responses were excitatobyd(Btrials) in the early epoch
significantly more often than they were inhibit@®/40) p? (1, N=32) = 24.53,
p<0.001]. There were also significantly more excitptesponses in the early
epoch for cES [22/40 excitatory vs. 6/40 inhibitofy/(1, N=28) = 9.18, £0.01].
During the middle epoch, iES responses were mdes afihibitory (25/40 trials)
than excitatory (12/40 trialsy] (1, N=37) = 4.59, $0.05]. The middle latency
responses recorded from cES were also more oftelitory (25/40 trials) than
excitatory (8/40 trials)){2 (1, N =33) =8.79,0.01]. For the late epoch,
excitatory responses predominated for both IESAR2@kcitatory vs. 7/40
inhibitory; ¥* (1, N=35) = 12.63; £0.001] and cES [35/40 excitatory versus 3/40
inhibitory; * (1, N=38) = 26.97, £0.001].

For the group, there was no significant effediask (standing vs. sitting)
on the magnitude of responses in the early, midal&gte epochs for IES (Fig.
2.3). The cES muscle also showed no significamiceff task for responses in the

early and middle epochs. In contrast, CES respangég late epoch during
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standing were significantly larger than duringisgt(Fig. 2.3c). Responses in ES
were not significantly different between eyes opad eyes closed for any
condition. There were no significant differencedackground ES EMG activity
between conditions and the average background ES Eéfivity measured for
the group across conditions was 21% MVC (range24%).

Responses evoked in IES and cES were significaiftlgrent in
amplitude, and these differences depended on ltastke early epoch, responses
in iIES were larger than those recorded in cES wgiiteng with eyes open and
eyes closed (Fig. 2.1; Fig. 2.3a). During standimege were no significant
differences between the early responses in IESB&d(eyes open or closed). As
shown in Fig. 2.3b, responses in the middle epoetewot significantly different
between iES or cES regardless of task. For theejabeh, the ES responses
showed task-dependent changes that were oppogsitede found for the early
epoch. While standing (eyes open and eyes clodetllate responses in CES were
larger than those in iES, but during sitting theexe no significant differences in
the late responses between IES and cES (eyes opge®closed) (Fig. 2.3c).

2.3.2 Tendon taps versus heel taps

In an additional set of trials, taps were apptthe lateral calcaneus
while subjects were standing with eyes open. Figudeshows data for the group
of 10 subjects averaged over the interval from SCbefore to 200 ms after the
taps (left panels) and quantified for each reflpaah (right panels). The heel taps
evoked reflexes in soleus that were 75% smaller thase evoked by the tendon

taps (p< 0.05). In contrast, there were no significantatiéinces in ES reflexes
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evoked by tendon taps or heel taps in any epoatkgdaund soleus and ES EMG
activity were not significantly different betwedmettendon tap and heel tap trials.

2.3.3 Part 2: Erector spinae reflexes evoked bpmebus nerve stimulation

To determine whether the responses recorded fiermokld be evoked by
the activation of cutaneous receptors, a seconessef experiments was
conducted in which the amplitude and latency ofr&fxes evoked by tendon
taps, heel taps, and sural nerve stimulation wemgpared in 8 subjects while
standing with eyes open. The group traces in Figuseshow responses in ES
elicited by all three stimuli. There were no sigraht differences in the
amplitudes of responses in any epoch between ffezatit stimulus types.
Similarly, there were no significant differencedte amplitudes of responses in
either the early or late epochs between IES and kE8&e middle epoch,
responses to tendon taps and heel taps were sinalie3 than cES. Responses to
sural nerve stimulation were not significantly diént between iES and cES in
the middle epoch. The latency of the responseacdh epoch were not different
between IES and cES. However, response latencedkthiree epochs for the
sural nerve stimulation were significantly longearn responses to the tendon taps
and the heel taps, which were not significantlyedént from each other. The
mean latencies to the peak responses in the gaobhgaveraged across iES and
CES) were 24 + 7, 26 + 8 and 33 £ 7 ms for tendqm heel tap, and sural nerve
stimulation, respectively. In the middle epocheraties were 54 + 8, 51 + 8, and
66 £ 11 ms for tendon tap, heel tap, and suralenstimulation, respectively.
Response latencies in the late epoch were 90 &712,13, and 106 + 11 ms for

tendon tap, heel tap, and sural nerve stimulat@spectively. Responses in soleus
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evoked by tendon taps were significantly largenttiese elicited by heel taps
and sural nerve stimulation, which were not sigaifitly different from each

other (Fig. 2.5e, f). Soleus reflexes evoked byhtbel taps were on average 94%
smaller than those evoked by tendon taps. The saraé stimulation generated a
small net inhibition in soleus at this reflex epothere were no differences in the

amount of soleus or ES background activity betwteer8 stimulation conditions.

2.4 Discussion

These experiments are the first to characterize-$dency reflexes in
muscles of the lower back initiated by the actwatdf sensory receptors in the
lower leg. Taps applied to the right Achilles’ temdevoked reflexes bilaterally in
ES, in addition to the well-known stretch reflexipsilateral soleus. Contrary to
our prediction, taps applied over the lateral cadess (“heel taps”) and electrical
stimulation of the sural nerve (a cutaneous nefibeofoot) evoked reflexes in
ES that were not significantly different in amptiifrom those evoked by the
tendon taps. We propose the reflexes in ES arigast in part from the
activation of cutaneous receptors in the foot aag oontribute to the neural
strategies used for the maintenance of posturdalaghce.

Taps applied to the Achilles tendon evoked refldxtgerally in the ES
muscles in all subjects. In most cases, thesexesfleonsisted of a period of
excitation in the early epoch, inhibition in theddie epoch, and excitation in the
late epoch. This response pattern is qualitatisghjilar to the pattern observed
for “interlimb” reflexes evoked in many musclestbé arms and legs by

activation of sensory receptors in a stimulated|iremote from the recording
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site (Kearney and Chan 1979; Zehr et al. 2001).€elby excitation in ES, which
was maximal at a latency of 20-28 ms, and the reiégch inhibition, maximal
at a latency of 57-61 ms, are both consistent tkathsmission along pathways
restricted to the spinal cord. The longer latenayitation peaked at 91-104 ms
and may involve transcortical pathways (Nielseal€t997). The early responses
may represent a movement artifact caused by vdirati the body after each tap,
rather than activation of neural pathways. We alotinink this is likely because
the early responses were not different betweeredeatd standing trials; during
the seated trials the wave of vibration after daphwould have dissipated into
the chair on which the participant was sitting tmach greater extent and the
early response would have been reduced or absérsioase if it was caused by
vibration. Furthermore, based on examination efrdiw EMG data, the onset
latencies of the early responses were physioldgipalssible, in relation to the
conduction velocities of muscle and cutaneous affist In Figure 2.4a and c, for
example, the average onset of the early repongbdagroup was not
physiologically possible, but this occurred du¢hte off-line filtering of the EMG
data. For this reason the peak latencies of fiexes have been reported, instead
of the onset latencies.

We hypothesized that reflex pathways connect sgrregeptors in the
lower leg with the ES muscles of the lower backe@frcally, we thought that
reflexes would arise from the activation of spirsdie the TS muscles that
plantarflex the ankle. This idea was based on thiéestablished hypothesis that

signals from muscle receptors around the anklé miovide important
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information for posture and balance and play arkéy in triggering responses for
balance correction (Creath et al. 2005; Dienet.t988; Dietz et al. 1989;
Fitzpatrick et al. 1992; Kavounoudias et al. 200&shner 1976; Schweigart and
Mergner 2008). However, the tendon taps we utilipedctivate TS muscle
spindles will have also activated muscle spindied @itaneous receptors over a
large area of the leg and foot, as well as som&adlIgi tendon organs (Burke et
al. 1983). Thus, to explore the afferent origin of B reflexes, “heel taps” were
delivered to the right calcaneus directly belowldteral malleolus and electrical
stimulation was applied to the sural nerve. We jgted the heel taps would
activate a similar proportion of cutaneous recepas the tendon taps, but fewer
TS spindles (and no Golgi tendon organs), and resgmin ES and soleus would
be reduced accordingly. The sural nerve stimulatiaa chosen to provide a
cutaneous input from the same region of the fodhaseel taps that, unlike the
tendon and heel taps, was not contaminated bycthefion of afferents from
muscle spindle receptors or Golgi tendon organspiea 75-94% reduction in
the amplitude of the soleus stretch reflex elichgdeel taps, the ES reflexes
were not significantly different in amplitude oteacy than those evoked by
tendon taps. The amplitude of ES responses in@aath evoked by the tendon
taps and heel taps were not significantly diffefemin those evoked by the
cutaneous volley generated by the sural nerve &iron. However, the latencies
of the responses in each epoch evoked by surag méimulation were
significantly longer than those evoked by tend@stand heel taps. These results

raise several possibilities regarding the origithef ES responses: (1) The ES
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reflexes may be part of a generalized startle respaitiated by all three
stimulus types. We do not believe this is the ¢esmuse the responses occurred
at a much shorter latency than would be expectad & traditionally defined
startle response (Brown et al. 1991). Additionadhartle responses typically
habituate within the first 2-6 stimuli (Brown et 4991) and thus could not
account for the robust responses seen in indivislugjlects’ data which represent
the mean responses to 40 stimuli. (2) Both tendohheel taps may have
generated a wave of vibration through the muscelesél system activating
muscle spindles in ES and generating a local $tretitex in ES. However, the
ES responses evoked by sural nerve stimulationnwtere would be no
vibration, argue against this possibility. Simijarthe ES responses to the heel
taps and the sural nerve stimulation suggest thee§#nses are not initiated by
the movement associated with the soleus strettdxréB) The responses evoked
by sural nerve stimulation confirm that reflex pa#tys connect cutaneous
receptors in the foot and ES motoneurons. Resp@avwed®d by the tendon and
heel taps were not significantly different in anyadie from those evoked by sural
nerve stimulation, but had shorter peak latendibs. differences between the
responses evoked by the taps and the sural nemwalation likely reflect
differences in the afferent volley. The taps wdMe activated a different
proportion of cutaneous receptors in a differentgeral pattern than the
electrical stimulation, and will also have activchtauscle receptors (Burke et al.
1983). Responses in ES evoked by the tendon anhdapsavere not significantly

different, despite the heel taps evoking a substinsmaller soleus stretch
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reflex, consistent with the activation of fewer aiscle spindles than the tendon
taps. Thus, the responses in ES do not appeardorbmated by the robust input
from TS muscle spindles evoked by the tendon tapealsad initially predicted
but, rather they may be predominantly cutaneowsigin. This is consistent with
the emerging idea that feedback from force semsrceptors in the skin of the
foot may play a more important role in the conttbhuman stance than feedback
from ankle proprioceptors (Cnyrim et al. 2009).

Roles for feedback from cutaneous receptors ofabein balance control
have been proposed based on microneurographiaiegserfrom the human tibial
nerve (Kennedy and Inglis 2002) or sural nerve IS&an 2001) during
stimulation of the foot sole. Cutaneous mechangtecs in the sole of the foot
assist in detecting ground contact (Magnusson. 498I0) and changes in the
distribution of pressure (Kavounoudias et al. 19989stural sway increases
when cutaneous input from the foot is reduced ianirhted through cooling of
the foot (Magnusson et al. 1990) or through andasub block induced by
inflating a cuff around the leg (Asai et al. 1992imilarly, anesthesia of the sole
of the foot resulted in significantly different EM@sponses to perturbations
applied during standing when compared to trialwinch the foot was not
anesthetised. Mechanoreceptors located alongtéel border of the foot, the
region innervated by the sural nerve and the site=re the tendon and heel taps
were applied, have been shown to be important intaiaing upright stance and

postural control (Meyer et al. 2004; Trulsson 200é¢el and Roll 1982).
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Increasing postural instability by having subjestend with their eyes
closed, which has been shown to increase body @wenpatrick et al. 1994;
Nagano et al. 2006), did not alter the expressfdheES reflexes in the present
study. It may be that the eyes closed conditiomdidpresent enough of a
challenge to the postural system to result in aaghan reflex expression. This is
similar to other studies in which postural pertuidras delivered during eyes open
and closed conditions did not produce any diffeesno transmission through
stretch reflex and transcortical pathways utilif@dbalance corrective responses
(Carpenteet al. 1999; Keshner et al. 1987).

The ES muscles stabilize the spine and assisistupal corrections during
sitting (Forssberg and Hirschfeld 1994; Preusd. &085; Zedka et al. 1998) and
standing (Cresswell et al. 1994). Presently, sgnsmut from one leg evoked ES
reflexes bilaterally during sitting and standingus$, ongoing discharge of
sensory receptors in the legs may contribute thrdbgse pathways to the
continuous background synaptic drive to ES motomesirThese heteronymous
ES reflexes may also contribute to the generatiggostural corrections, such as
the bilateral ES activation that distributes foroeshe pelvis and helps maintain
a consistent distribution of the centre of massfi@bof and Vink 1985; White
and McNair 2002) during rotational perturbationsu@&nter et al. 1999) and
walking (Dofferhof and Vink 1985). Although it isgsently not known how these
reflexes are expressed during walking, the amp@itidresponses in ES were
affected by changes in task, particularly the tagponses in cES, as there was a

significantly larger late cES response during stagndompared to sitting.
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Comparisons between IES and cES responses inlo#atly and late epochs
revealed differences in amplitude that were alsk-ttependent. Such task-
dependent differences in response amplitude mésctef re-weighting of
sensory inputs to meet the demands of the taskrii@rgt al. 2009; Mahboobin et
al. 2009; Misiaszek, 2006; Schweigart and Mergi@€82. A bilateral, but
asymmetrical activation in ES has been demonstiatether studies during
rotational perturbations (Carpentdral, 1999) and walking (Dofferhof and Vink
1985). Waters and Morris (1972) showed that the wBS significantly more
active than the iES at heel strike which would deterct the rotational forces of
the pelvis. The ES reflexes presently observed weven by at least some of the
same receptors that would be activated at he&kstri

2.4.1 Summary

These experiments characterized reflexes in them&sles of the lower
back evoked by the activation of sensory recepiotise lower leg. These
heteronymous reflexes were expressed bilateratlychanged in amplitude
between sitting and standing. A comparison of keffeevoked by tendon taps,
heel taps, and sural nerve stimulation showedré#flx pathways connect
cutaneous receptors of the foot and ES motonewmotisuggest that reflex
connections from TS muscle spindles may be relgtiveak. These reflex
pathways between the legs and lower back muscelatay play a role in the

neural control of posture and balance.
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Table 2.1Frequency and latency of significant ES resporseked by tendon
taps across conditions for all subjects.

Conditions iES cES
Early Middle Late Early Middle Late
epoch epoch epoch epoch epoch epoch
Standing 7 9 9 6 10 10
Eyesopen| 7+/0- | 2+/7- 6+ /3— 6+/0- | 1+ 9- 10+/ 0—
N =10
24+8ms| 57+x4ms 99 +4ms | 20 £ 8ms| 59 + 7ms| 93 + 10ms
Standing 9 10 9 7 8 10
Eyes 9+/0- | 5+/5- 7+ 2— 6+/1- | 1+/7- | 10+/0-
closed
N=10 22+5ms| 57 +8ms104+14ms| 23 + 6ms| 57 + 8ms| 100+14ms
Seated 7 9 8 8 8 9
Eyesopen| 7+/0- | 2+/7- 7+ 1- 5+/3- | 3+/5- 7+ 2—
N =10
24 +4ms| 60+12ms 96 £ 11ms| 28 + 6ms| 59+10ms| 99 + 11ms
Seated 9 9 9 7 7 9
Eyes 7+/2— | 3+/6- 8+/1- 5+/2- | 3+/4- 8+/1-
closed
N=10 26 +5ms| 59+12ms 91 +8ms | 28 + 8ms61+10ms| 97 + 12ms

Response frequency, prevalence of excitatory amtitory responses, and
average response latencies for the different cimmditin Part 1. For example, to
describe responses in the early epoch for iES vetéleding with eyes open (first

row), the response frequency was 7 (i.e. 7 ouDd$ubjects displayed a

significant ES response in that epoch). Out of¢h# significant responses, 7
were excitatory (7+) and 0 were inhibitory (O—)heTaverage response latency
was 24 ms and the standard deviation was + 8 ms.
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Figure 2.1Reflexes evoked in iES, cES, and soleus by tapkeaipjo the right
Achilles’ tendon in a single subject while sittingth eyes open. Each trace
represents the average of 40 reflexes. Horizomt@s Idepict + 2 SD of the
background EMG recorded during the 100 ms priatitaulus delivery.
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Figure 2.2Data recorded from cES for a single subject. Relexere evoked by
Achilles’ tendon taps while the subject was se&tgcand standing (B) with the
eyes open or eyes closed.
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Figure 2.3 Amplitude of responses recorded from ES (early bgmel A,

middle epoch panel B, late epoch panel C) and sqlBuaveraged across the
group for all conditions. Values are means + 1 Biackets identify responses
that are significantly different from each other(f.05). EO-eyes open; EC-eyes
closed.
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Figure 2.4Group data showing reflexes recorded from IES (& Bjy and cES
(C and D), and soleus (E and F) evoked by Achilieston taps or heel taps,
applied to the lateral calcaneus, while subjectewtanding with eyes open.
Values are means = 1 SD. Brackets identify respotiss are significantly
different from each other 0.05).
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Figure 2.5Group data showing the reflexes evoked by Achilleston taps, heel
taps, and sural nerve stimulation. Mean data avessHor responses recorded
from iES (A and B), cES (C and D), and soleus (& @n Brackets identify
responses that are significantly different fromreather (p< 0.05).
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Chapter 3: Post-activation depression and recovergf reflex
transmission during human neuromuscular electricatimulation®

3.1 Introduction

The integration of afferent feedback and motor ouip a fundamental
component of the neural control of human moveniéeig.clear that such
sensorimotor integration is not hard-wired, buheatit depends on many factors
including the task being performed (Capaday anth31@86; Hayashi et al. 1992;
Krauss and Misiaszek 2007), the frequency of tfereit volley (Ishikawa et al.
1966; Magladery 1955), and the magnitude of thgaing voluntary contraction
(Burke et al. 1989; Stein et al. 2007; Trimblele2800). One of the strongest
and most studied afferent projections to motonesirshat of large diameter (1a)
afferents from muscle spindles. During natural eroents, motoneurons receive
trains of impulses from la afferents over a rangemuencies (Vallbo 1973) and
the efficacy of synaptic transmission along thigypay depends strongly on
impulse frequency (Curtis and Eccles 1960; Luseteat. 1983). In humans,
reflex amplitude is progressively depressed wherfrigtquency of the afferent
volley increases above 0.1 Hz (Burke et al. 1989l&t et al. 2000; Ishikawa et
al. 1966; Stein et al. 2007). This attenuatioreiiex transmission, referred to as
low frequency (Ishikawa et al. 1966), homosynafBieswick and Evanson
1957), or post-activation depression (PAD; Crong iielsen 1989), is thought to
be due to a presynaptic mechanism involving a dese probability of

neurotransmitter release from previously activaffarent terminals (Hirst et al.

! The contributing authors to the work presentethis chapter were: Clair JM, Anderson-Reid
JM, Graham C, and Collins DF.
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1981; Hultborn et al. 1996; Kuno 1964). PAD isubbt to play a role in
attenuating synaptic transmission to maintain #messivity of motoneurons
during movement (Hultborn and Nielsen 1998).

The most common way to study PAD in humans has tieeompare the
amplitude of two reflexes evoked at various intimslus intervals (Burke et al.
1989; Crone and Nielsen 1989; Oya and CressweB;2R0egg et al. 1990; van
Boxtel 1986). Relative to the first response,gbeond reflex is typically
depressed by ~80% at frequencies of 4-10 Hz (Burké €989; Stein et al.
2007), and can be reduced further or even absémcatencies above 10 Hz
(Goulart et al. 2000). An alternative approach been to deliver a brief train of
impulses (up to 30) and to compare the amplitudbefirst reflex to the mean of
the subsequent reflexes (Ishikawa et al. 1966; Kailal. 1997; Rothwell et al.
1986). While both of these approaches have promviggortant information
about frequency-dependant depression of reflexsitnession, they do not shed
light on how motoneurons respond over time durrags of electrical
stimulation which more closely represent synapticedduring natural movement.
It is generally assumed that synaptic transmisatda afferent-motoneuron
synapses remains depressed after the initial retiowever, Klakowicz et al.
(2006) showed that soleus H-reflex amplitude recopartially from the initial
depression by the end of a 7 s (20 Hz) stimulatiaim. Such reflex recovery
would not be identified in traditional studies AP and has important
implications for understanding how transmissiomgleoeflex pathways

contributes to the control of human movement.hgdurrent study we
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investigated the “post-activation depression awdvery (PAD&R)” of
transmission along the H-reflex pathway throughifus trains of stimulation
during different tasks, stimulation frequenciegj dackground contraction
amplitudes.

Despite the strength and ubiquitous nature of Pi&functional
relevance for the neural control of human movememains controversial. One
reason for this controversy is that PAD was reduresbsent when seated
participants held a voluntary contraction (Burkelett989; Floeter and Kohn
1997; Hultborn et al. 1996; McNulty et al. 2008;a09nd Cresswell 2008;
Rothwell et al. 1986; Ruegg et al. 1990; Steinl.e2@07; Trimble et al. 2000). It
has been suggested that the contraction increlasesitnber and discharge rate of
active muscle spindles, which in turn, invokes mnances PAD at previously
inactive synapses and results in a tonic depresgieynaptic transmission. Thus,
when using experimental approaches to assess Plirst reflex is evoked at a
time when synaptic transmission is already depckasd the ability to
demonstrate any further depression decreases aacwmn amplitude increases
(Hultborn and Nielsen 1998; Stein et al. 2007)hds$ also been suggested that
PAD is reduced (Field-Fote et al. 2006; Goularle2000) or absent (Stein et al.
2007) during standing compared to sitting, butrttehanism responsible for this
task-dependence is less clear.

The present study was designed to quantify thetsfigf task (sitting vs.
standing), stimulation frequency (5, 10, or 20 Ha)d background contraction

amplitude (relaxed-20% MVC) on the PAD&R of solétseflexes during 10 s
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trains of stimulation. In general, we predictedttteflexes would be significantly
depressed immediately after the first reflex, bat reflex amplitude would
recover over the 10 s stimulus train. Our spetifipotheses related to task,
frequency, and contraction level were: (1) PAD&RI wot be influenced by task;
there will be no difference between PAD&R of refxplitudes between sitting
and standing. (2) PAD&R depends on stimulus frequetihere will be more
depression and less recovery of reflex amplitudestienulation frequency
increases. (3) PAD&R depends on the level of bamkag contraction; there will
be less depression and more complete recoverynaisaction level increases. In
addition to quantifying H-reflex amplitudes, wealguantified M-wave
amplitudes as a measure of stimulus efficacy. rébalts of these experiments
provide insight into the nature of transmissiomalthe H-reflex pathway when
motoneurons receive trains of impulses at physiosdly relevant frequencies

during functionally relevant tasks and contractiawels.

3.2 Methods

Eleven participants with no known neurological innpeents (8 men and 3
women; 20-46 yrs) took part in this study aftenyplong informed and written
consent. The study was conducted in two parts 8jhrticipants involved in
each part. The experimental protocols were conduntaccordance with the
standards set by the Declaration of Helsinki ancevegproved by the Health
Research Ethics Board at the University of Albeliach experimental session

lasted approximately 3 h.
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3.2.1 Electromyography

Surface electromyography (EMG) was recorded froeridht soleus
muscle using disposable bipolar surface EMG eldesd2.54 cf) A10043-P,
Vermed Medical, Bellows Falls, VT). The EMG signalere band-pass filtered
from 30-3000 Hz and amplified 1000 times (NeurdBygtem; Digitimer,

Welwyn Garden City, UK). A reference electrode wésced on the tibial plateau
of the right leg (10.16 cm x 2 cm, Electrosurgieatient Plate: Split, 3M Health
Care, St. Paul, MN).

3.2.2 Maximum Voluntary Contractions

At the beginning of each experimental sessionj@pants were
instructed to plantarflex their right foot by pusgidown in a gas pedal motion
against a metal footplate using only their anklesohes, until they reached their
maximum and to hold this contraction for 1-2 srtiégants practiced this action
and then performed 2-3 maximum voluntary contragtiMVCs) until 2 of their
attempts were within 10% of each other. DuringvC trials the experimenters
provided verbal encouragement to the participanfgetform maximally.

3.2.3 Nerve Stimulation

Electrical stimulation was delivered to the tibn@rve in the right popliteal
fossa through disposable bipolar surface EMG aldes (2.54 cf A10043-P,
Vermed Medical, Bellows Falls, VT) using a constamtrent stimulator (DS7A;
Digitimer, Welwyn Garden City, UK). Each stimultrain was delivered for 10 s
(2 ms pulse width) at 5, 10, or 20 Hz. Each t@hsisted of three identical
stimulation trains separated by 30 s. A 2 minast period was incorporated

between each trial to minimize muscular fatiguém8lation intensity was set at
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the beginning of each trial to evoke a motor wavenave) of ~5% of the
maximum M-wave (May in response to 3 single pulses delivered apprataiy

5 s apart. Data for soleus M-wave/H-reflex recngiht curves were collected in
each experiment (n = 50 stimuli; 1 ms pulse wi8HT; s inter-stimulus interval)
while the participant was seated with their solelaxed. Stimulation delivery
and data collection were controlled by custom emitsoftware programs
(LabView, National Instruments, Austin, TX). Alath were sampled at 5000 Hz
and stored on a computer for later analysis.

3.2.4 Part 1 Protocol: Effects of task and stimuatfrequency

Part 1 of this study was designed to assess thetefdf task (sitting and
standing) and stimulation frequency (5, 10, andH2pon the PAD&R of soleus
H-reflexes. For the standing trials, participasitsod with their feet hip width
apart, hands at their sides, and looked straigtdéh For the seated trials,
subjects sat on the chair of a Biodex dynamom&gstém 3, Biodex Medical
Systems Inc. Shirley, NY, USA) with their knee arkle at 110 and 90°,
respectively, and also looked straight ahead. &Witting the participants
maintained a background contraction in soleus ttcimhe EMG measured
during standing. Visual feedback of the low paksréd (3 Hz) soleus EMG
signal was displayed on a computer screen to helparticipants hold the
desired level of activity. The stimulation triaheluded all combinations of task
(sitting and standing) and frequency (5, 10, anéi2) Thus, there were six

stimulation trials and these were delivered inradan order across participants.
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3.2.5 Part 2 Protocol: Effect of background contran levels in soleus during
sitting

Part 2 of this study was designed to assess thet eff different levels of
background contraction on the PAD&R of soleus Heveds. Each participant
was seated (see above) and received trains of Hiitdalation while they were
relaxed or holding a 1, 5, 10, or 20% MVC soleustaction. Visual feedback of
the soleus EMG (see above) was provided to helpdh&cipants maintain the
desired contraction.

3.2.6 Data Analysis

Data analysis was performed post-hoc using custattew Matlab
software (The Mathworks, Natick, MA). The average 500 ms window
centered around the peak filtered (low pass, 40add)rectified EMG in the
largest MVC trial was used to calculate the soMMC. Background contraction
levels were quantified by measuring the filteremw(bass, 40 Hz) and rectified
EMG over a 1 s period, centred around 1 s pridhéostimulation trains in each
trial, and normalizing these values to the soledM&M The largest M-wave
amplitude measured from the recruitment curve wes considered to be M.
The peak-to-peak amplitude of each M-wave and kxefvoked during each
stimulus train was measured and then normalizéd tg.

To generate group mean M-wave and H-reflex ampguthe first (M or
H1) and second (Mand H) responses for a given condition were averaged
separately. For each participant and stimulatettepn the amplitude of the first
(M1 or H;) and second (Mor H,) responses were averaged over the three

stimulation trains in each trial. Additionallytaf the first response in each
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stimulation train, all responses were averaged 0Oues intervals to generate 20
data bins as shown in Figure 3.1. A diagram o #veraging procedure for H-
reflex data is shown in Figure 3.1. One measurewgad to quantify the initial
reflex depression (PAD) and 3 measures were usgdantify the reflex

recovery. To quantify PAD, the amplitude of the@®d response was compared
to that of the first response. The time courseeobvery was assessed using 2
measures. To characterize the “fast” recovergféx amplitude that occurred
within the first 0.5 s of the stimulus train, thaglitude of the second response
was compared to the mean of Bin 1. To characténeéslow” recovery that
often occurred over the duration of the 10 s statiah, Bin 1 was compared to
Bin 20. To determine whether the recovery of seenplitude was “complete”
(i.e. returned to the amplitude of the first resge)n Bin 20 was compared to the
mean amplitude of the first response. In Part thisfstudy, the fast recovery was
also investigated with a greater temporal resatuitip comparing the amplitudes
of the responses evoked by the first 6 stimulgpiolses in each stimulus train.

3.2.7 Statistical Analysis

A one-way repeated measures analysis of variast€teANOVA) was
used to compare the levels of background contnattetween sitting and
standing for the experiments described in Partthisfstudy. A one-way
rmANOVA was also used to compare the different lewé background

contraction in Part 2.
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Separate rmANOVAs were performed for M-wave ancefiex datd. To
assess PAD&R in Part 1, a three-way rmANOVA wagluedest for significant
effects of task (sitting and standing), stimulatieguency (5, 10, 20 Hz), and
time (first response, second response, Bin 1, B)rok response amplitude. For
Part 2, a two-way rmANOVA was used to assess thaeince of background
contraction (relaxed, 1, 5, 10, 20% MVC) and tirfuesi{ response, second
response, Bin 1, and Bin 20) on response amplitddetest for changes in H-
reflex amplitude over the first six responses it Raseparate two-way
rmANOVAs were used with background contractiongxeld, 1, 5, 10, 20%
MVC) and time (responses 1-6) as factors. TukeEN8® tests were performed
when appropriate on significant interactions ormreffects identified by the
rmANOVA analyses. The alpha level for all statatianalyses was set at 0.05.

Descriptive statistics are reported in the texthasmean + 1 SD.

3.3 Results

We investigated the effects of task, stimulati@yfiency and background
contraction on the depression and recovery of sdteveflexes throughout 10 s
trains of electrical stimulation. M-waves werecatgiantified as a measure of
stimulus efficacy. Data from a single participaré shown in Figure 3.2 for one

10 s train of 10 Hz stimulation delivered when plagticipant was seated and

2 The M-wave and H-reflex data were analyzed seglyrhased on the results from simplified
repeated measures analysis of covariance tests QM¥GS). | used the difference between the
first and second M-wave as the covariate in eadidition, in a repeated measures ANCOVA to
assess changes between the first and second Me®fliee Sitting 5 Hz, 10 Hz, 20 Hz; Standing 5
Hz, 10 Hz, 20 Hz; Background contraction — res§,11,0, 20 % MVC). Changes in the M-wave
amplitude between the first and second responsiesadisignificantly account for changes in the
H-reflex amplitude between the first and secongaases across conditions.
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holding a background soleus contraction of ~15% M\liCthe top panel, the
amplitudes of M-waves and H-reflexes evoked by esichulus pulse are shown
by the open circles and filled diamonds, respebtiv&oleus EMG recorded at
the beginning and end of the stimulation trainhigven in the bottom panel. This
participant showed depression of both the M-wawkthe H-reflex from the first
to the second stimulus pulses. Although M-wavesaiaed depressed for the
duration of the stimulation, H-reflex amplitude ogered. As early as the third
stimulus pulse (200 ms after the first pulse),eethmplitude had recovered from
19 to 84% of H. Throughout the stimulation reflex amplitude edribut there
was a trend for a slow recovery of reflex ampliteder the 10 s, ending with the
last H-reflex being larger than the first H-reflg@08% of H).

3.3.1 Part 1: Effects of task and stimulation freqoy

The group data for all combinations of task anehgtation frequency
across the full 10 s stimulation period are showhigure 3.3. In general, there
was more H-reflex depression with 20 Hz stimulatimore H-reflex recovery
with 10 Hz stimulation, and no apparent differenceBAD&R between sitting
and standing. Soleus background contraction levete not different between
sitting (12 + 4% MVC) and standing trials (11 + 4%/C) [F1,7)= 0.84, p > 0.1]
(data not shown). For M-wave amplitude, there aasain effect of frequency
[F2.14)= 8.54, p < 0.001] and no main effects of taskroe (data not shown).
The main effect of frequency, with the data col&pacross task and time,
revealed a general depression of M-wave amplitwdig 10 [p < 0.001] and 20

Hz [p < 0.05] stimulation, compared to 5 Hz stintida.
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The analysis of the depression of H-reflex ampétidentified a
significant interaction between frequency (5, 18 20 Hz) and time (H H,, Bin
1, Bin 20) [Re 42)= 18.93, p < 0.001], and no significant effectagk. The results
of the post-hoc analysis performed on this intéoacare shown in Figure 3.4.
Response depression occurred during 10 and 20irdalation only. There was a
significant difference betweentnd H at 10 [p < 0.001] and 20 Hz [p < 0.001],
but not at 5 Hz. Kat 20 Hz was also significantly smaller thanati 10 Hz [p <
0.001], indicative of greater depression duringf20stimulation.

The post-hoc analysis of the frequency by timeradigon also showed
that H-reflex amplitude recovered from the initl@pression during stimulation at
10 and 20 Hz (Fig. 3.4). The 5 Hz stimulation dad evoke significant
depression and reflex amplitude did not changefsgntly throughout the
stimulation. During 10 Hz stimulation, fast refleecovery occurred because Bin
1 was significantly larger than,Hp < 0.05], and slow recovery was also evident
because Bin 20 was significantly larger than B[p ¥ 0.05]. Furthermore, Bin
20 and H were not significantly different, thus, complegeovery of reflex
amplitude occurred by the end of the 10 Hz stinitat During 20 Hz
stimulation, fast recovery occurred because Bira% significantly larger thanH
[p < 0.05], but slow recovery was not evident baeaBin 20 was not
significantly different than Bin 1. During the P stimulation, reflex amplitude
did not recover completely as Bin 20 was signifttasmaller than H[p <

0.001].
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3.3.2 Part 2: Effect of background contraction

Figure 3.5 shows the mean amplitudes of M-waves-aneflexes
recorded during 10 Hz stimulation while participantere seated and holding
different contraction levels in soleus. Qualitativy M-waves showed initial
depression for all contraction levels and no recgwehile H-reflexes showed
more depression of reflex amplitude at lower lewélsackground contraction
and similar recovery across most contraction levélse five contraction levels,
averaged across the group, were 0.4 +0.3, 1.8 458 + 1.1, 9.8 £ 0.6, and 17.7
+1.7% MVC. There was a significant main effectoftraction level [ 255~
459.9; p < 0.01] and post-hoc tests revealed thabatraction levels were
significantly different from each other (data nbow/n). For M-waves, there
were significant main effects of contraction lejfgh »gy= 4.1, p < 0.05] and time
[F@,217= 27.5, p < 0.01] (data not shown). The main eféécontraction,
collapsed across time, showed that M-wave amplgullging the relaxed, 1%,
and 5% MVC conditions were significantly smalleathduring the 20% MVC
condition [p < 0.05 for all comparisons]. Post-famalysis of the main effect of
time showed that Mwas significantly larger than the M-waves at tktieeo three
time points (M, Bin 1, and Bin 20; p < 0.001 for all comparisonélen the data
were collapsed across all contraction levels. Maegadid not recover from this
initial depression as MBin 1, and Bin 20 were not significantly diffetdrom
each other.

For H-reflexes, there was a significant interacti@tween contraction
level and time [f2,845 12.3, p < 0.01] (Fig. 3.6). H-reflex depressomturred at

all contraction levels, except 20% MVC.;, Was significantly smaller than;Hh
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the relaxed state [p < 0.01], and at 1% MVC [p6l1d.5% MVC [p < 0.01], and
10% MVC [p < 0.01]. During the 20% MVC contractjoeflex amplitude did
not change significantly throughout the stimulateord thus, these data are not
discussed further. In regards to recovery, althddgeflexes were initially
depressed during the 10% MVC condition there wasenovery of H-reflex
amplitude. The second H-reflex was not differeanf Bin 1 (fast recovery) and
Bin 20 was not different from Bin 1 (slow recoveryhe three lower contraction
levels did show significant recovery. In the ra@dxcondition there was no
significant fast recovery (Hwvas not different from Bin 1), but there was slow
recovery as Bin 20 was significantly larger than Bi[p < 0.001]. For the 1 and
5% MVC contractions, fast, but not slow, recovecgurred. Bin 1 was
significantly larger than K(p < 0.01), however Bin 20 and Bin 1 were not
significantly different. Reflexes did not recoxampletely (i.e. back to H
amplitude) for any contraction amplitude.

As mentioned in the description of the single pgytint data in Figure
3.2, reflex amplitudes varied throughout the statioh and a marked recovery of
H-reflex amplitude was observed in some participdnytthe third response.
While the variability in reflex amplitude often aggred to be random, in some
subjects a “pattern” emerged in which reflex anuolés occasionally alternated
between large and small (see Fig. 3.7) or betwage] medium, small (data not
shown). Figure 3.7 provides an example of datanfagparticipant in whom the
third reflex was 19% larger than the first reflexdaa striking alternation of reflex

amplitude, between ~30% Mk and 5% M., emerged while they were seated
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and holding a contraction of ~5% MVC in soleus. Wilai detailed analysis of
these apparent patterns in reflex expression wgsnoethe scope of the present
study, we did quantify the fast recovery of refexplitude with a higher
temporal resolution than permitted by the comparisioH, to Bin 1. We
compared the amplitudes of the first 6 H-reflexa®ss the group and these
results are shown in Figure 3.8. In this figurgngicant differences between;H
and all other responses are identified by the latsdiut, for clarity, all other
significant differences are not shown on the figamel are described below. The
analyses of the first 6 H-reflexes identified andligant interaction between
contraction level and time {fo 1401 9.5, p < 0.01]. During the relaxed condition,
H1 was significantly larger than all other responses] none of the other
responses differed from each other. Thus, reflevese depressed and did not
recover within the first 6 responses and no altesnaf reflex amplitude
emerged. At 1% MVC, Hwvas significantly different from all other resposse
and H was significantly different from £and H, but not H or Hs. This
illustrates the emergence of alternating reflex lgoges. At the 5% MVC level,
complete recovery occurred by the third pulse asttang alternating pattern
developed. Complete recovery was shown by thedadkference betweenH
and H amplitudes. A strong pattern was highlighted igynidicant differences
between all of the even numbered reflexes and odabered reflexes, not
including the first response. Similarly, duringth0% MVC contraction,
complete recovery of reflex amplitude occurred liseaH was not different from

Hs; and H, and an alternation of reflex amplitude was evidmtause KHwas
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different from H and H. Lastly, there were no significant differencesamen

responses for the 20% MVC condition.

3.4 Discussion

The results of the present study revealed thad¢ipeession of
transmission along the H-reflex pathway, commomigwn as PAD, was
followed by significant recovery of reflex amplitediuring 10 s trains of
electrical stimulation. Changes in task (sittimgtanding) had no effect on the
depression or recovery of soleus H-reflexes. @rctintrary, stimulation
frequency and the level of background contractigniBcantly influenced
PAD&R. Although many studies have investigated P& is the first study
specifically designed to characterize the recoeémgflex amplitude during
repetitive, reflexive activation of motoneurons.sllikely that there is a complex
interplay between the mechanisms responsible &dépression and recovery of
reflex transmission (Lloyd 1949, 1958), which degieboth on the frequency of
the afferent volley and the magnitude of the ongaioluntary contraction. A
better understanding of this modulation of refl@nsmission during repetitive
input will provide new insight on how reflexes cobtite to the control of
voluntary movement.

In the current study, in addition to measuringdah®plitude of the H-reflex
evoked by each stimulus pulse, we also measurddcesesponding M-wave.
M-wave amplitude is commonly used as a measuramiigtion efficacy in H-

reflex studies (Misiaszek 2003). Despite this, &udies have measured M-
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waves when assessing PAD, and those that did neelbwaves reported no
change in amplitude when H-reflexes were depre@dedter and Kohn 1997;
Ishikawa et al. 1966; Jeon et al. 2007; McNultgle2008; Trimble et al. 2000).
In our study, although M-waves did not change dystimulation at 5 Hz, they
were depressed during 10 and 20 Hz stimulatiomalfdevels of background
contraction. Plausible reasons that previous etudi PAD in humans have not
reported a similar depression of M-waves are thabme cases the amplitude of
the second M-wave was not reported (Trimble e2@00), stimulation
frequencies above 5 Hz were not tested (FloetekKaith 1997; McNulty et al.
2008), or trials were excluded if the M-wave amygi changed more than 2%
between pulses (Jeon et al. 2007). A depressidrwhve amplitude during 20
Hz stimulation was recently reported when electistianulation was delivered
using wide (500 and 1000 us), but not narrow (50200 us), pulse widths. This
finding suggests that the M-wave depression steams mechanisms involving
the ability to activate motor axons beneath thawslating electrodes, rather than
reduced transmission across the neuromusculaigun@tagerquist and Collins,
in press), and that movement of the electrodesdmtpulses, as a result of the
muscle contraction, was not the main factor cauiegVl-wave depression. In
the current study, a decreased ability to actigadéor axons during repetitive
stimulation, represented by the depression of th@aVe, raises the possibility
that there may have also been a reduction in thiéyab recruit sensory axons,
which could have contributed to the H-reflex depr@s. However, since motor

and sensory axons have different properties (Batkd. 2001), it is difficult to
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translate changes in motor axon activation durepgtitive stimulation to
respective changes in sensory axon activation.itibadlly, in some trials,
depression of the M-wave was not observed, whilkathdepression of the H-
reflex was present. Furthermore, for each conditimmassessed whether the
immediate depression of the H-reflex that was ofteserved was associated with
changes from the first to the second M-wave. Tohtkowe conducted an
analysis of covariance using the change from tisé¢ tio the second M-wave in
each condition as the covariate. Changes in tiveaVle amplitude between the
first and second responses did not significantbpaat for changes in the H-
reflex amplitude between the first and second nesp® across conditions.

3.4.1 Effect of task on the depression and recookspleus H-reflexes

In support of our first hypothesis, PAD&R of reflamplitudes were not
influenced by task. We presently found no tasketelent differences in reflex
depression or recovery between sitting and stanghen background contraction
and M-wave amplitudes were matched. Previousaladable on the task-
dependence of PAD have been variable. Stein afehgoes (2007) found no
depression of reflex amplitude when participant®dtand held a soleus
contraction of 15-20% MVC, but depression was avidehen participants were
seated and held similar levels of background cotitla. Goulart et al. (2000),
did observe PAD during standing and found no déifiees in PAD between
sitting and standing when participants held sinmbackground contractions
between tasks. However, neither of these stu@esllart et al. 2000; Stein et al.
2007) tested whether contraction levels were Sicamitly different between tasks

and M-waves were not measured during the PAD potgodn another study,
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PAD was not different when participants were sgtar lying prone, over a range
of background contraction levels (Trimble et alo@p Lastly, in a study in
which M-waves amplitudes were controlled, PAD wasdifferent when
participants were lying prone with the soleus rethrr standing while the tested
leg was non-weight bearing (Jeon et al. 2007may be that differences in PAD
previously attributed to task (Stein et al. 200@ymot be related to task per se
instead, if background contractions were largemdustanding, the reduced PAD
may have been more related to the well-known arhgteffect of contraction on
PAD (Burke et al. 1989; McNulty et al. 2008; Trirel#t al. 2000) (see “Effect of
background contraction” section below).

3.4.2 Effect of frequency on the depression andvery of soleus H-reflexes

Our hypothesis about the relationship between PR2&d stimulation
frequency was supported by the finding that theme more depression and less
recovery of soleus H-reflexes as stimulation frewpyancreased. While
participants held a contraction of ~10% MVC, we fduno reflex depression
during stimulation at 5 Hz, significant depresstluring 10 Hz stimulation, and
further depression during 20 Hz stimulation. Thesailts are consistent with the
well known frequency-dependence of PAD (Burke e1889; Crone and Nielsen
1989; Ishikawa et al. 1966; Rothwell et al., 198&n Boxtel 1986), although our
study is one, of only a few, to quantify PAD in hams at frequencies at or above
10 Hz (Goulart et al. 2000; Ishikawa et al. 196&nJet al. 2007; Stein et al.
2007). During natural movements muscle spindleraffts commonly discharge
over the range of frequencies presently tested(B2). The present findings of

depression, followed by significant recovery, dfee transmission during 10 and
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20 Hz stimulation suggest that on-going modulatitomg the la afferent pathway
plays a role in the control of natural movemenihile other studies have found
significant depression at frequencies less thaz, SrHmost of these cases the
participants were relaxed (Burke et al. 1989; lahi& et al. 1966; Rothwell et al.
1986; Van Boxtel 1986). The lack of PAD during 5 stimulation in our study
may again reflect the strong influence of contacn the ability to measure
PAD.

The recovery of reflex amplitude also scalechwiimulation frequency.
We quantified reflex recovery over two time coursefast recovery that occurred
within the first 0.5 s after the initial depressimmd a slow recovery that occurred
between the first 0.5 s and the last 0.5 s of tineusation. Reflex amplitudes did
not change throughout 5 Hz stimulation. In corfrdgring 10 Hz stimulation
PAD was followed by significant fast and slow reeoy and by the end of the
stimulation reflex amplitudes were not significgrdifferent from that of the first
reflex, indicative of complete recovery. During @@ stimulation only fast
recovery of reflex amplitude occurred, and by thd ef the stimulation reflexes
remained significantly depressed compared to tisereflex.

This relationship between PAD&R and stimulatiorgfrency may be
explained by several factors including the abiidyepetitively activate axons
beneath the stimulating electrodes, mechanismstmtol the presynaptic
release of neurotransmitter, and mechanisms thatate motoneuron
excitability. Axonal excitability fluctuates whexxons transmit trains of action

potentials and these changes may contribute tBAI2&R we observed. At
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different intervals after an action potential, humsgnsory and motor axons
express a relative refractory period (~3-4 ms),@eswrmal period (~ 4-20 ms),
and a subnormal period (~20-150 ms) (Burke et &128iernan et al. 1996).
The subnormal period, in which axonal excitabiigylecreased, may have
influenced the PAD&R we observed because the stiarulus intervals for 10
and 20 Hz were 100 and 50 ms, respectively. At bbthese stimulation
frequencies, the current reaching the axons adiehn stimulus pulse, except the
first, would have arrived at a time of decreasenohak excitability. Furthermore,
during trains of stimulation the effects of the sabmal period are summative,
eventually leading to a plateau of axonal hypenidéion (Bergmans 1970;
Bergmans and Bostock 1994). Such axonal hypelipataon may have
decreased the ability to activate axons repetitivahd thus the strength of the
synaptic drive, more so during 20 Hz than 10 Hastation. This may have
contributed to greater depression and less recalwergg 20 Hz stimulation.

The efficacy of synaptic transmission along thaffarent pathway also
strongly depends on impulse frequency (Curtis acdds 1960; Luscher et al.
1983). Such frequency-dependence is related &ralewmechanisms that control
the presynaptic release of neurotransmitter. Attid la afferents can evoke
presynaptic inhibition on their own terminals (Eekt al. 1962), however this is
not typically believed to contribute to the refl@epression in studies of PAD
because the time course of presynaptic inhibitignt¢ 400 ms) was often shorter
than the inter-stimulus intervals (Hultborn etZ96). In the present study, the

inter-stimulus intervals were 200, 100, and 50 arf 10, and 20 Hz,
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respectively. Therefore, presynaptic inhibitiomicbhave been involved in the
reflex depression observed in the current studye @resynaptic mechanism most
often associated with PAD is a decreased probglofineurotransmitter release
from previously active la afferent terminals (Hiestal. 1981; Hultborn et al.
1996; Kuno 1964). In terms of facilitation of netransmitter release, post-
tetanic potentiation results in a prolonged incedageflex amplitude following a
period of repetitive afferent stimulation (Lloyd4%9. This is thought to be
caused by a lower probability of failure to releas@rotransmitter from the
presynaptic terminal, coinciding with a higher pably of multi-quantal release
(Hirst et al. 1981). In humans, post-tetanic pb&tion is typically evoked by
delivering stimulation at frequencies greater th@6 Hz for seconds to minutes
(Hagbarth 1962; Kitago et al. 2004; O’Leary etl#197; Van Boxtel 1986);
although it has been shown during 3 s stimulatiams delivered at lower
frequencies (10, 30 Hz) (Hughes et al. 1957). \&leee that post-tetanic
potentiation may be involved in the reflex recoveuyrently observed, however
because the reflex recovery during 20 Hz stimutati@as less than during 10 Hz
stimulation, the processes driving the depressiay nave been stronger than
those leading to the recovery. This highlightsridevance of the interplay
between depression and facilitation along the texgbathway.

At the level of the motoneuron three additionachanisms may influence
the PAD&R that we observed. Firstly, the duratdthe afterhyperpolarization
(AHP) may contribute. The AHP can last up to ~130far soleus motoneurons

(Matthews 1996) and increases when motoneuronbkatige repetitively
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(Gustafsson 1974; Ito and Oshima 1962; Wienecld @009). Thus, during the
10, and particularly the 20 Hz stimulation, theligpof the afferent volley to
depolarize the motor pool was likely reduced byAk#. Secondly, recurrent
inhibition, induced by antidromic volleys in motaxons generated by the
stimulation or through the reflexive activationrabtoneurons, could have
reduced the excitability of the motoneurons to téipe input (Bussel & Pierrot-
Deseilligny 1977; Eccles et al. 1954). The infloemf antidromic recurrent
inhibition on the current results was likely sndhlie to the low stimulation
intensity used. Finally, a gradual increase ingkeitability of the motor pool
during the stimulation may have contributed toriéex recovery through the
activation of persistent inward currents. Persisteward currents enhance
motoneuron excitability by amplifying synaptic inand helping to sustain
motoneuron firing (Crone et al. 1988; Lee and HeahkrA000). Persistent inward
currents are thought to be involved in the dischaighuman motoneurons
(Collins et al. 2002; Gorassini et al. 1998, 20K&hn and Eken 1997) and have
been indirectly shown to contribute to muscle adton during periods of tendon
vibration (Gorassini et al. 1998) or neuromuscelactrical stimulation (Collins
et al. 2001, 2002). PICs have also been showwdaom-up’ or be more readily
activated during repeated voluntary contractiongepetitive stimulation
(Gorassini et al. 1998). In the present study atttevation of persistent inward
currents during 10 and 20 Hz stimulation could tetabuting to the recovery of

soleus H-reflex amplitudes.
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3.4.3 Effect of background contraction on the depi@n and recovery of soleus
H-reflexes

The hypothesis that H-reflex depression would sicalersely with
increases in contraction level was supported bytineent results. As the
background contraction increased from rest, lepsedsion of soleus H-reflexes
was observed, and during the 20% MVC contractienetiivas no depression.
Our findings correspond with previous studies thand less depression with
increasing levels of background contraction (McMelt al. 2008; Stein et al.
2007), including contractions as large as 50% MWG@&aleus (Trimble et al.
2000). As others have suggested, the reductiéA&f during a voluntary
contraction may be due to tonic depression of ahafflerent terminals caused by
muscle spindle activation during the contractionl{blorn and Nielsen 1998;
Stein et al. 2007). In the present study, we ssigipat we measured PAD during
contractions of 1-10% MVC because not all la affieterminals were tonically
depressed across this range of background comtndetrels, and the terminals
that were not depressed during the contraction stdtesusceptible to exhibit
PAD. The relationship between motor unit size BA®D may also help explain
the reduction in PAD as contraction amplitude iases. Most studies have
shown that small motor units exhibit more PAD tlenge motor units (Crone et
al. 1990; Floeter et al. 1997; Lloyd and Wilson 798an Boxtel 1986; cf.
McNulty et al. 2008) and as contraction amplitugderéased, more of the small
motor units were recruited for the contraction.isTineans at higher contraction
amplitudes, there would be fewer small motor ucégable of expressing PAD in

response to the test pulses, because the la dfferamnals that synapse onto
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these small motor units were depressed by the bagkd contraction.
Conversely, the la afferent terminals of the langats may not have been
depressed, but these terminals do not normallybéxéigreat degree of PAD.

Our hypothesis that the recovery of H-reflex amople would be more
complete as contraction level increased was nqiated by comparisons of
reflex amplitude throughout the 10 s stimulatiaairts. During the relaxed
condition there was significant slow recovery, dgrthe 1 and 5% contractions
there was significant fast recovery, and no recpeéreflex amplitude occurred
during the 10% MVC contraction. The absolute rezg\of reflex amplitude (i.e.
the increase in % Mmax) was similar during thexeth 1%, and 5% MVC
contraction levels. Based on these results, reéemvery may be influenced
more by stimulation frequency, rather than backgdocontraction.

Interestingly, the analysis of the first 6 reflexegach stimulus train
established that complete recovery of reflex amgétwas possible by the third
reflex. This finding was surprising because themaaism most often attributed
to PAD is a decreased probability of neurotran@niitlease (Hirst et al. 1981;
Hultborn et al. 1996; Kuno 1964). During 10 Haatiation, if neurotransmitter
depletion were involved, for recovery to occur bg third pulse, a time course of
~ 300 ms for vesicle reuse would be necessary.ckesgcycling has been shown
to occur on a time course of 300 ms to 1 s foiIGhklyx of Held, a large
glutaminergic synapse commonly used to study symafficacy in animal
models (Kavalali et al. 2007), however vesicle odiag at this synapse may not

be representative of the la afferent-motoneuromgsye. It is evident that further
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work is required to verify the mechanisms behirelrgflex depression and
recovery observed in the current study. Additignamnmediate recovery of
reflex amplitude was only observed in some pardictp. Other participants
showed sustained depression, after the first reflear the full 10 s stimulation
train. Lastly, it is possible that the alternatafireflex amplitude could be an
artifact of our stimulating procedures in whichgarsynchronous afferent volleys
are generated at a fixed rate, as compared tordesgheasynchronous volleys
which would be more representative of natural §nopatterns.

3.4.4 Summary

We studied PAD&R of reflex transmission by deliveyitrains of
stimulation at physiologically relevant frequenciesing functionally relevant
tasks and contraction levels. Transmission albedgH-reflex pathway was
strongly influenced by stimulation frequency andkgaound contraction
amplitude. On the contrary, there were no taskeddpnt differences in PAD&R
of reflex amplitudes between sitting and standiAdter the initial PAD, reflex
amplitude recovered completely by the end of thélz&timulation, which
emphasizes that transmission along the H-reflelipay does not remain
depressed after the first pulse during repetittiraidation, as implied in previous
studies of PAD. Additionally, in some cases theas a complete recovery of
reflex amplitude by the third pulse within a stimtubn train; a finding that is not
consistent with classical ideas regarding the mashaof PAD. Our results
suggest that there is an on-going interplay betvekgmession and facilitation of
transmission along the H-reflex pathway duringnsaof repetitive input which

has not been considered in previous studies of PAIImMans. Here we have
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shown that this balance between depression anddton depends strongly on
the frequency of the afferent input and the magieitaf the background

contraction, but is relatively insensitive to chaagn task.
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Figure 3.1A diagram illustrating the method used to quantffex depression
and recovery during 10 s trains of stimulation.e Titial depression was
assessed by comparing the firsgXHnd second (k) reflexes. “Fast” recovery
was assessed by comparing the second reflex antl Basponses averaged over
the first 0.5 s). “Slow” recovery was assesseddiyparing Bin 20 (responses
averaged over the last 0.5 s) to Bin 1. “Comple¢gbvery was assessed by
comparing Bin 20 to the first reflex.
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Figure 3.2 Data from a single participant during one 10 stcd 10 Hz
stimulation, delivered when the participant wagegand holding a background
soleus contraction of ~15% MVC. In the upper pakklyaves and H-reflexes
evoked by each stimulus pulse are shown by the opeles and filled diamonds,
respectively. In the lower panel, raw soleus EM&@f the beginning and end of
the stimulation train are shown.
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Figure 3.3Group average M-wave and H-reflex amplitudes dutidg trains of
stimulation delivered at 5, 10, and 20 Hz durirtgrey (A) and standing (B). The
mean of the first and second responses are shollowéd by the mean of
responses averaged over 0.5 s bins. Error bassliean omitted for clarity.
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Chapter 4: The effects of wide-pulse neuromusculaglectrical
stimulation on elbow flexion torque in individualswith chronic
hemiparetic stroke'

4.1 Introduction

Individuals who have experienced a stroke oftereldifficulty generating
sufficient and appropriate joint torques requiregtoduce functional movements
in the paretic upper limb. This diminished funatimay be related to muscle
weakness or paralysis (Adams et al. 1990; AndrewlsBohannon 2000;
Bohannon and Smith 1987; Colebatch and Gandevig; Fa8lows et al. 1994a,
1994b; Gowland et al. 1992) and abnormal musclaateation patterns that lead
to abnormal joint torque couplings. In the parefpper limb these joint torque
couplings, such as the coupling of shoulder abdoaind elbow flexion or
shoulder adduction and elbow extension, resultdelalitating loss of
independent joint control, especially in moderatelgeverely impaired stroke
survivors (Beer et al. 1999; Dewald et al. 2001wBlel and Beer 2001; Roby-
Brami et al. 2003). Neuromuscular electrical stetion (NMES) has been
applied to muscles affected by stroke to assigt mitiscle strengthening and
activities of daily living (Chae 2003; de Kroonatt 2002, 2005; Glanz et al.
1996; Popovic et al. 2009; Stein et al. 2006; Vapgden et al. 2004).
Traditionally, parameters used to stimulate musaféected by stroke include
pulse widths of 200-300 ps and frequencies of 26t5Qde Kroon et al. 2005).

During NMES the size of the evoked contractionftemlimited by the

! A version of this chapter has been submitted édnfipation in the Journal of Neurophysiology
(June, 2010). The contributing authors to the wirdsented in this chapter were: Clair JM,
Collins DF, and Dewald JPA. These experiments werglucted at Northwestern University
under the supervision of Dr. Jules Dewald.
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individual's discomfort, as discomfort increaseshwincreasing stimulation
currents. Relatively high currents are sometineggsiired to generate muscle
contractions sufficient to produce functional moegns however, especially
considering the need to overcome co-contractionasmdrmal joint torque
couplings (Keller et al. 2005). Fatigability of N&% induced contractions also
limits contraction amplitude due to the non-physgatal order in which motor
axons are activated during NMES (Feiereisen &t987; Gregory and Bickel
2005; Jubeau et al. 2007). Thus, there is a rereitié continued development of
NMES techniques that generate large muscle cormdgragtwhile minimizing
discomfort and muscular fatigue.

NMES that incorporates higher frequencies (up 1 H@) and wider
pulse widths (1 ms) (wide pulse NMES; WP-NMES) ntifaose traditionally
used for electrical stimulation, can enhance NME&ked contractions in
individuals with no neurological impairments (Co8iet al. 2001, 2002; Collins
2007) and in those with a spinal cord injury (Cktial. 2006; Hornby et al. 2007;
Nickolls et al. 2004) through an increase in thertcal contribution”. This
central effect is thought to develop due to theuwment of spinal motoneurons
by the electrically-evoked afferent volley travegfialong reflex pathways through
the spinal cord (see Collins 2007). Mechanistycdhe high frequencies and
wide pulse widths are thought to send a relatilaiger afferent volley to the
spinal cord than traditional NMES, augmenting caction amplitude by
increasing H-reflex amplitudes (Klakowicz et al0B) and potentially increasing

the activation of persistent inward currents (Pl@spinal neurons (Collins et al.
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2001, 2002; Collins 2007). A potential advantagasing WP-NMES for
rehabilitation, compared to more traditional NMESthat lower stimulus
currents may be sufficient to generate functionasale contractions.
Furthermore, synaptic activation of motoneuronkfes the size principle
(Henneman et al. 1965) thereby recruiting fatigeistant motor units first,
which may help generate contractions that are Hatigue-resistant (Lagerquist
et al. 2009). The extent to which the central oasvsystem (CNS) contributes to
contractions evoked by WP-NMES in individuals whavé experienced a stroke
has not been tested.

Several changes occur in the CNS after strokeniagtenhance the
central contribution to contractions evoked by WRMBES in the paretic limb.
These changes include presynaptic changes in tahjbnechanisms that regulate
the transmission of afferent input to motoneuramd putative postsynaptic
changes in the excitability of the motoneurons thelres. Presynaptic changes
include reduced post-activation depression (Aynedra. 2000; Lamy et al. 2009;
Masakado et al. 2005), presynaptic inhibition (&gt et al. 1991; Aymard et al.
2000; Kagamihara and Masakado 2005; Lamy et aR;2Q@kashima et al. 1989)
and reciprocal inhibition (Nakashima et al. 1988u@®a and Lee 1996).
Together these changes would enhance synaptiaeffieffectively allowing a
larger afferent volley to reach the motoneuroneréhmay also be postsynaptic
changes in motoneuron excitability due to changdbke intrinsic properties of
motoneurons (McPherson et al. 2008) that arise &ahsruption in the control of

descending monoaminergic pathways (Benecke e98ll;1Dewald et al. 1995;
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Fries et al. 1993; Kline et al. 2007; Mazevet eR803; Turton et al. 1996; Turton
and Lemon 1999). This increased excitability woaraplify the motoneuron’s
response to afferent input. Taken together, thesgynaptic changes in reflex
transmission and postsynaptic changes in motonswauld increase reflex
excitability, thus a given afferent volley wouldatkto a larger motor output.

The current study was therefore designed to inyastiwhether WP-
NMES augments muscle contractions after strokees&lexperiments were
prompted in part by the finding that tonic vibraticeflexes were larger in the
paretic arm compared to the non-paretic arm inviddals with chronic stroke
(McPherson et al. 2008). The tonic vibration refiend WP-NMES both generate
contractions through the reflexive recruitment attameurons, thus we expected
that WP-NMES would also generate larger contrastiarthe paretic arm
compared to the non-paretic arm. Specifically hypothesized that stimulation
incorporating a 1 ms pulse width would generatgdacontractions in the paretic
arm versus the non-paretic arm, but contractiongigeed using 0.1 ms pulses
would not be different between arms. In theséstrgtimulus current intensity
was adjusted across pulse widths, in each arnrptupe similar torque during a
brief 250 ms stimulation train at 100 Hz. We dtgpothesized that stimulation
delivered using 1 ms pulses at 100 Hz would evakeractions with a larger
central contribution compared to stimulation uslngs pulses at 20 Hz. The
central contribution was quantified by comparing torque at the beginning of a
stimulation train (1.5-2.0 s into the 12 s trairt)ase most of the torque is

generated through peripheral mechanisms (i.e.tdimetor axon depolarization),

109



to the torque at the end of the stimulation trdih.%-12.0 s) where the reflexive
recruitment of motoneurons augments contractionliéude. This method of
guantifying the central contribution has been zgl for similar stimulation
protocols in previous studies (Baldwin et al. 20Déan et al. 2007; Klakowicz et
al. 2006). For the 100 Hz stimulation using 1 mks@s we predicted the torque
would be larger at the end of the stimulation ttr@nbeginning, in both arms, and
that this difference would be largest in the paratm. We predicted there would
be no difference in the torque from the beginnmegnd of the 20 Hz stimulation
using 1 ms pulses in either arm. The results ®fctrrent study provide further
evidence of an increase in reflex excitability afiroke and have implications for

the use of NMES in the neurorehabilitation of s&rok

4.2 Methods
4.2.1 Participants

NMES was applied via surface electrodes over tji@ and left biceps
brachii muscles of 14 individuals who had experezha hemiparetic stroke
resulting in upper limb paresis. Four of thesgesth disliked the feeling of the
electrical stimulation and withdrew from the studihus, only data from the
remaining 10 participants were used for the datdyars (7 males and 3 females;
age range: 53-83 yrs). Each participant proviadéorimed, written consent. The
experiments were conducted in accordance withtdreards set by the
Declaration of Helsinki for research involving humgarticipants and were

approved by the Institutional Review Board of Naréistern University.
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Inclusion criteria were the following: (1) A coréitor sub-cortical stroke
at least one year prior to the study (range: 26+866ths post-stroke; mean: 102
months). (2) An upper limb Fugl-Meyer Assessmé&MA) score for the paretic
limb of less than 50 (out of 66). In this studgpes ranged from 10-46, which
indicates moderate to severe impairment (Fugl-Meyait. 1975). (3) An FMA
score for the non-paretic limb of 66, which indesho impairment. (4) Passive
range of motion in both limbs of at least 90° feoglder flexion, shoulder
abduction, and elbow flexion. (5) No inflammatagnditions at the shoulder,
elbow, wrist, or fingers as screened for by apgyowerpressure at the end of the
range of motion. (6) No recent changes in medaatused to manage
hypertension. (7) Not taking medications to tisgadsticity.

4.2.2 Experimental Protocol

The position of the participant and the equipmesgduin the current study
closely follow that used by McPherson and colleag@€08). Participants were
seated in the chair of a Biodex dynamometer sy$Biadex Medical Systems,
Shirley, NY, USA) with seatbelts placed over thewdders and across the waist
to help maintain a consistent upright posture lierduration of the experiment.
Both feet were supported by a foot rest. Partitipavore a custom-made
fibreglass cast over the forearm, wrist, and hdrtti@arm receiving stimulation
in order to minimize movement during the experimehie cast also allowed for
tight coupling between the arm and the 6 degredseetiom load cell used to
measure joint torques (JR3, Model 45E15A, Woodl&n, USA). The load cell
was attached to the cast at the wrist and orthddorees and moments generated

in the x, y, and z planes were recorded. The aas positioned with 75° of
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shoulder abduction, 40° horizontal shoulder flexemd 90° of elbow flexion.
The weight of the arm was supported throughouekperiment to help
participants remain fully relaxed.

To monitor whether participants remained relaxedughout the
experiment, surface electromyography (EMG) wasnaemb via electrodes placed
over the muscle belly with a 1 cm inter-electrotstathce (Delsys, 16-channel
Bagnoli EMG System, Boston, MA, USA). In the araceiving stimulation, the
muscles recorded from were: brachioradialis, Bdaachii, lateral head of the
triceps brachii, long head of the triceps bradmiterior deltoid, intermediate
deltoid, posterior deltoid, and pectoralis major.

The paretic and non-paretic arms were tested parate days. For a
given participant, the sessions were conducteldeasame time of day, between 1
and 5 days apart. The non-paretic arm was testédeofirst day because
stimulation intensities for both arms were matcteed percentage of the
maximum voluntary elbow flexion torque in that arfarticipants started each
experiment by performing maximal voluntary isomegibow flexion
contractions, using visual feedback of their maXinmduntary torque (MVT)
provided on a computer monitor. Verbal encourageneeperform maximally
was provided by the experimenters. The particpaotnpleted as many trials as
necessary to record three maximal contractionsnviti% of each other
(typically 3-5). For trials during the main protdcparticipants were instructed to
relax to minimize muscle activity in the arm bebegted and to stay as still as

possible.
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NMES was delivered through bipolar surface elatdso(oval 3.81 x 6.35
cm, Uni-patch Superior Silver Electrodes, Wabadiid, USA) over the biceps
brachii muscle. The electrodes were positioned thesproximal and distal ends
of the muscle belly to allow for the biceps bradilG electrodes to be placed
between the stimulating electrodes. A Compex Mostmulator (Keller et al.
2002) was used to control the parameters of theutdtion. Stimulation intensity
was set based on the peak torque generated dugB@ s stimulus train (25
pulses at 100 Hz; 1 or 0.1 ms pulse width). Thésetdrains were chosen
because they provided an indication of primarilyigeeral motor axon activation
in each arm (Baldwin et al. 2006; Collins et al0202002). This procedure for
matching stimulus intensity was used because wil cmi measure EMG during
the stimulation due to the presence of large satiwt artifacts, and therefore
could not use M-wave amplitude as an indicatiostwhulation intensity.
Intensity was adjusted to generate peak torqueduhie short train in both arms
that was approximately 6% of the non-paretic MVIhis stimulation intensity
was chosen because it was the highest that wadainie for participants in
pilot experiments. In 7 out of 10 subjects thiswahieved by using the same
stimulation current for both arms. For the othauBjects to generate the same
torque in both arms the current had to be increbge?] 6, and 12 mA for the
paretic arm.

Four stimulation patterns were delivered: 20-1004204 s each phase, 1
ms pulse width); 20-100-20 Hz (4 s each phasem3.pulse width); 20 Hz for 12

S (1 ms pulse width); and 100 Hz for 12 s (1 ms@uwidth). The 20-100-20 Hz
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(2 ms) stimulation pattern was included based ewnipus work that showed a
sustained increase in torque after the 100 Hz &tmon period due to the central
recruitment of motoneurons (Collins et al. 2001020 The same stimulation
pattern was delivered using a narrower pulse wW2@R100-20 Hz, 0.1ms) to
assess the effect of pulse width on the evokedactidn. The torque evoked by
each of these stimulation patterns was comparedgeetarms. The 20 and 100
Hz constant frequency patterns were included tesasthe effect of stimulation
frequency on the evoked contraction. The centratrdoution has been
guantified in other studies by measuring the d#ffese in the torque between the
beginning and end of the stimulation train (Baldwtral. 2006; Dean et al. 2007,
Klakowicz et al. 2006); an increase in torque tigloaut the stimulation train was
evidence of an increasing central contributionthi present study, this
difference in torque was compared between the 2QL80 Hz stimulation
patterns within each arm and for each stimulatiaitgpn between arms.

In a single trial, one stimulation pattern wasdsled 5 times with 2
minutes of rest between each stimulation traine dtder of delivery of the
stimulation patterns was randomized across subjddis experimenter visually
inspected the torque and all EMG channels aften @& to determine if that trial
was acceptable. A trial was rejected, and subselyue-collected, if there was
muscle activity prior to the stimulation. Threetpapants had difficulty turning
off all muscle activity in their paretic arm pritwr each trial. In these cases, as
many trials as time permitted were re-collected @wedrials with the least

amount of activity were used for analyses. A twak also rejected, and
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subsequently re-collected, if the participant moletbre the trial finished (i.e.
coughed, moved their head) or fell asleep.

4.2.3 Data Collection and Analyses

Data were sampled at 1000 Hz. EMG data were aieghlif000 times,

high pass filtered (cut-off frequency, 20 Hz) (I&anel Bagnoli EMG System),
and then low pass filtered using an eighth-orderpass Butterworth filter (cut
off frequency, 500 Hz) (Model 9016; Frequency DesicHavelhill, MA).
Custom written Matlab software (The Mathworks Iridatick, MA, USA) was
used to analyze the torque and biceps brachii Esl@. dA Jacobian-based
algorithm was used to convert the load cell foremed moments measured at the
wrist into elbow flexion torque. The torque datererfiltered using a digital™8
order low pass Butterworth filter (cut-off frequen&0 Hz). All torque data were
then normalized to the MVT of the non-paretic ariis normalization was
performed for two reasons: (1) the MVT of the piaratm can be unreliable and
may not truly represent the force generating capacithe muscle due to reduced
central drive, the possibility of increased co-caation between elbow flexors
and extensors, and changes in muscle propertiesz(Bind Sinkjaer 2007;
Sinkjaer and Magnussen 1994); and (2) it was nssipte to measure the
electrically-stimulated maximum torque in the pararm due to pain tolerance of
the participants. For statistical analyses, tordata were averaged over two 500
ms windows centred around: 1.5 s (Time 1) and $XBme 2) into the stimulus
train (see shaded regions Figure 4.2a).

Biceps brachii EMG data were full-wave rectifieddahen smoothed using a

causal one-sided moving average filter (window tlare 250 ms). This was
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followed by baseline correction which involved gsalting the average biceps
brachii EMG over the first 250-500 ms in a trialiyithg which the subject was at
rest and there was no stimulation, from all othigiGedata within that trial. The
EMG data were then normalized to the maximum EMé&med during
maximum voluntary contractions in the non-paretin.aThe EMG was
guantified prior to the stimulation to verify ifefrmuscle was fully relaxed.
Although analysis of the EMG recorded during thmstation was not possible
due to interference from the stimulation artifaetsomparison of EMG activity
before and after stimulation was made. Data weeeaged over two 500 ms
windows centred around 1 s prior to (pre) and ftes goost) the stimulation. The
EMG data from muscles other than the biceps bréicaiibrachioradialis, lateral
head of the triceps brachii, long head of the p¥clrachii, anterior deltoid,
intermediate deltoid, posterior deltoid, and pealisrmajor) were only used to
determine whether participants were relaxed padhe start of each trial. One
participant’'s EMG data were excluded due to pognai quality.

4.2.4 Statistical Analysis

A two-way repeated measures analysis of variaggte(tmANOVA)
was used to assess differences in torque evok#tel350 ms train used to set
stimulus intensity based on the following two fastarm (2 levels: paretic and
non-paretic) and pulse width (2 levels: 1 and 0s). nA three-way rmANOVA
was used to assess differences in torque duringztsestimulation trains based
on the following three factors: stimulation pattédrevels: 20-100-20 Hz (1 ms
pulses), 20-100-20 Hz (0.1 ms pulses), 20 Hz (pubses), 100 Hz (1 ms

pulses)), arm (2 levels: paretic and non-paredieyl time (2 levels: Time 1 and
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Time 2). A similar three-way rmANOVA was used &sass changes in biceps
brachii EMG activity with the following three fagt stimulation pattern (4
levels: 20-100-20 Hz (1 ms pulses), 20-100-20 H% (0s pulses), 20 Hz (1 ms
pulses), 100 Hz (1 ms pulses)), arm (2 levels:tgaamd non-paretic), and time (2
levels: pre-stim and post-stim). The Huynh-Felatection was applied if the
data violated the assumption of sphericity for rnr@2WA. Tests of simple

effects, followed by simple comparisons, if necegsaere used post-hoc to
assess significant 3-way interactions identifiethe rmANOVA results. Tukey's
HSD tests were performed on significant 2-way &téons or main effects when
appropriate. Descriptive statistics are reportetha mean £ 1 SE. All statistical

tests were conducted with an alpha level of 0.05.

4.3 Results
4.3.1 Stimulation intensity

For all trials stimulus intensity was adjusted sttt a 250 ms stimulus
train (25 pulses at 100 Hz) evoked torque of apipnately 6% of the non-paretic
MVT. Examples of the torque recorded during thdsart trains in the paretic
and non-paretic arms of a single participant amvshin Figure 4.1b (inset). For
the group of participants, the torque evoked by2h@ ms train was not different
between the paretic and non-paretic arms for efibtse width [ky0)= 4.186, p =
0.071]. For trials that used a 1 ms pulse widih,@évoked contractions were 6.4
+ 0.5 and 5.9 = 0.1% of the non-paretic MVT in thegba and non-paretic arms,

respectively. For trials that used a 0.1 ms pwisith, the evoked contractions
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were 5.7+ 0.4 and 6.1 £ 0.1% of the non-paretic MVT in thegtia and non-
paretic arms, respectively.

4.3.2 Single participant torque data

Elbow flexion torque evoked for all stimulatioatperns in the paretic
and non-paretic arms of one participant is showthéimain panels of Figure 4.1.
A clear effect of pulse width on torque generaimthe paretic arm was evident
for this participant. For all stimulation patterthat incorporated the wide (1 ms)
pulse width there was more torque evoked in thetgaarm than the non-paretic
arm (dark vs. light trace, respectively, Fig. 4d,a). In contrast, when the
stimulation was delivered with a 0.1 ms pulse widibhque generated in the
paretic and non-paretic arms was not different.(&igjb). For this participant,
there was no influence of stimulation frequencytl@amplitude of the central
contribution because the 100 Hz constant frequstioyulation pattern (1 ms
pulses) did not show a greater increase in theitudpl of the central contribution
compared to the 20 Hz constant frequency stimuigiattern (1 ms pulses) in
either arm.

4.3.3 Group torque dat&ffect of pulse width

The torque evoked by each stimulation pattern,agest over the 10
participants, is shown in Figure 4.2. The shadedsin Figure 4.2a represent the
time windows over which data were quantified fatistical analyses. There was
a significant three-way interaction between stirtialapattern, arm, and time for
the torque generated by NMESq[p)= 4.43, p < 0.05]. To assess the effect of
pulse width on torque, we used post-hoc analysésofnteraction to compare

the two-way interaction of arm by time for the tatomulation patterns that used

118



the same stimulation frequencies, but differensputlidths: 20-100-20 Hz (1 ms
pulse width) and 20-100-20 Hz (0.1 ms pulse widtif)e arm by time interaction
for the 20-100-20 Hz (1 ms pulse width) pattern sigsificant [R1,12)= 5.79, p <
0.05]. Simple comparisons analyses revealeddnahis stimulation pattern
more torque was evoked in the paretic arm thamdimeparetic arm at Time 1
[Fa12=33.9, p <0.05] and Time 2{h2 = 85.1, p < 0.05]. These statistically
significant differences can be seen by compariegidrk and light traces in
Figure 4.2a and each pair of black and white colmrigure 4.3A. For the 20-
100-20 Hz stimulation pattern that used a 0.1 ntsepwidth, significant
interactions or main effects were not found whiatlicates that the torque was
not different between arms at either Time 1 or TRr(€ig. 4.2b; each pair of
black and white columns in Fig. 4.3b).

4.3.4 Effect of stimulation frequency

To assess the effect of stimulation frequency ogu®, we used post-hoc
analyses of the significant 3-way interaction maméd above, to compare the
two-way interaction of arm by time for the two stitation patterns that used the
same pulse width, but different stimulation freqeies: 20 Hz (1 ms pulse width)
and 100 Hz (1 ms pulse width). For the 20 Hz skation pattern no significant
interactions or main effects were found which iades that the torque was not
different between arms at Time 1 or Time 2 (Fig@c4Fig. 4.4a). For the 100 Hz
stimulation pattern the main effects of arny fi) = 5.66, p < 0.05] and time
[Fa.12)= 14.36, p < 0.05] were significant. The maireetfof arm showed that
the torque was larger in the paretic arm comparetd non-paretic arm

throughout the stimulation train. The main effetctime highlighted the
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significant decline in torque from the beginningnf€ 1) to the end (Time 2) of
the stimulation train in both arms (Fig. 4.2d; eaelr of columns in Fig. 4.4b).
This decrease was not significantly different betwarms. These main effects
are not shown in Figure 4 for clarity.

To investigate whether the 4 s period of 100 Hnglation during the 20-
100-20 Hz (1 ms pulse width) pattern resulted pradonged increase in torque,
post-hoc analyses of the significant 3-way intecacinentioned above was used
to compare the two-way interaction of arm by tinoeinlg the 20-100-20 Hz (1
ms pulse width) stimulation pattern. The arm byetimteraction was significant
[Fa12=5.79, p < 0.05] and simple comparisons analyseésaled that the torque
increased significantly from Time 1 to Time 2 irtparetic arm only [fr12)=
10.04, p < 0.05] (dark trace, Figure 4.2a; bladkiems in Fig. 4.3a). When a 0.1
ms pulse width was used, an increase in torque tage4 s period of 100 Hz
stimulation was not observed in either arm.

4.3.5 Group EMG data

Some participants had difficulty completely retaxithe muscles in their
paretic arm, therefore the average group pre-stisbiceps brachii EMG
recorded from the paretic arm, across all trialss W1 + 3% of the EMG recorded
from the non-paretic arm during the maximum volwntontraction. For the
non-paretic arm the average group pre-stimulus EiG 2 + 0.4% of the non-
paretic maximal EMG. To assess whether the stimoma@aused a sustained
increase in EMG amplitude once the stimulation beein turned off, we
measured EMG over two half second windows centredral: 1 s before (pre)

and 1 s after (post) stimulation. There was aiggmt stimulation pattern by
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time interaction [z 24)= 3.51, p = 0.031] and no main effect of arm (daia
shown). With the data from both arms grouped togiethere was significantly
more biceps brachii EMG 1 s after the 100 Hz statah pattern as compared to
1 s before the stimulation. There was also motigigcl s after the 100 Hz
stimulation as compared to 1 s after the 20 Hzidation. There were no
differences in the EMG amplitudes before and afier20 Hz constant frequency
stimulation using a 1 ms pulse width or the 20-200-z stimulation using a 1 or

0.1 ms pulse width.

4.4 Discussion

In the current study a novel stimulation parad@WPP-NMES) was
delivered to the biceps brachii muscles of the fpaeand non-paretic arms in
individuals with chronic hemiparetic stroke. Wegicted that after a stroke,
contractions evoked by WP-NMES would be largehm paretic arm compared
to the non-paretic arm due to reduced inhibitioaftérent input to motoneurons
(see section on “Presynaptic changes” below) acidased motoneuron
excitability (see section on “Postsynaptic chandegdbw). Consistent with our
first hypothesis, more torque was generated irp#retic arm compared to the
non-paretic arm when a 1 ms pulse width was u3éere was no difference in
torque between arms when a 0.1 ms pulse width sed. uOur second
hypothesis, which stated that higher stimulus fezgpies would increase the
central contribution more than lower frequencieaswot supported. As
predicted, there was no difference in torque framkeginning to the end of the

stimulation for each arm during constant frequestayulation at 20 Hz using a 1
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ms pulse width. However, for both arms during1B@ Hz constant frequency
stimulation (1 ms pulses), there was a declinengue from the beginning to the
end of the stimulation train, contrary to our potiin. Interestingly, when only 4
s of 100 Hz stimulation was incorporated into tResistimulation train (1 ms
pulses), torque was larger in the paretic arm coetpt the non-paretic arm.
Based on these results, NMES that incorporates puéses and brief periods of
high frequency stimulation may prove to be an eifecvay to enhance
electrically-evoked contractions for rehabilitatifmm individuals who have had a
stroke, while not generating appreciable levelfabfue. Additional research
characterizing the rate of torque reduction ovagkr periods of time, using wide
versus narrow pulse durations, is currently undgrwa

4.4.1 WP-NMES enhances the central contributiocotttractions after stroke

The present experiments were prompted by two pusviindings: (1) In
individuals with no neurological impairments, WP-E8 enhances electrically-
evoked contractions, compared to more traditiondBE$ that uses narrower
pulse widths and lower stimulus frequencies, dusntincreased central or
reflexive activation of motoneurons (Collins et2002; Klakowicz et al. 2006);
and (2) After a stroke, tonic vibration reflexesrevéarger in the paretic arm than
the non-paretic arm (McPherson et al. 2008). Wie\rethe larger contractions
evoked by WP-NMES in the present study share daimmentral mechanism with
the enhanced tonic vibration reflexes and thas#resory volleys evoked during
the stimulation (vibration or electrical) resultedgreater reflexive recruitment of
motoneurons in the paretic arm than the non-paaetic In the present study,

contractions were larger in the paretic arm whemslpulses were used, but not
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when 0.1 ms pulses were used. This effect of puidth occurred despite
adjusting the stimulation intensity so that a bi@0 Hz stimulus train delivered
using both pulse widths evoked contractions of egoglitude in both arms. We
matched contraction amplitudes during the shomdrto generate contractions in
both arms that had a similar contribution from ithenediate, peripheral
contribution (i.e. direct motor axon depolarizajiohe reflexive contribution to
contractions during the short trains should havenbrinimal because in
individuals with no neurological impairments it @&eps slowly (over seconds)
when stimulation is applied over the muscle (Batdet al. 2006), as in the
present study. There is some evidence that dftgtesmotor axons change and
there is a reduction in the efficacy of inwardlgtifying channels () in the
paretic arm versus the non-paretic arm (Jankelostigd. 2007). A reduced |
current on motor axons in the paretic arm wouldmtéa axons show less
accommodation to hyperpolarizing currents and wéelanore difficult to
activate repetitively. Since the stimulation irgey was adjusted to recruit a
similar proportion of motor axons with the diffetgnulse widths in both arms,
changes to motor axons after stroke would, if angihreduce contraction
amplitude during NMES. Thus, we believe that theanced contractions in the
paretic arm in the present study were not dueporaly peripheral mechanism,
but resulted from an increased recruitment of metoons centrally.

If the effect of pulse width in the paretic arrmist due to a difference in
activating motor axons, it must be, at least itiitjalue to a differential ability of

the two pulse widths to depolarize sensory axdmmger pulse widths depolarise
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sensory axons preferentially to motor axons dugéater axon diameters of the
largest sensory nerves resulting in a longer stredgration time constant and
lower rheobase (Dawson 1956; Krarup 2004; Laget@und Collins 2008;
Panizza et al. 1992; Veale et al. 1978nlike motor axons, there is no evidence
for differences in properties of sensory axons ketwthe paretic and non-paretic
arms (Jankelowitz et al. 2007). Accordingly, chagghe pulse width should
have a similar effect on the afferent volley foe fharetic and non-paretic arms
and cannot explain how increasing the pulse widtiaaced contractions in the
paretic arm only. Instead, if increasing the statian pulse width increased the
afferent volley in both limbs equally, the afferewiley generated with these
stimulus parameters in the non-paretic arm mushawé been large enough to
increase the reflexive recruitment of motoneurars generate a measurable
increase in contraction amplitude. For the paratna, pre- and postsynaptic
changes in the spinal cord may have increasedrefeitability resulting in a
significantly larger contraction during WP-NMES Itétnatively, as yet
unidentified changes in sensory axons betweendhatip and non-paretic limb
may account for the effect of wider pulse widthsha paretic arm only.
Stimulation frequency also had an effect on tmgue evoked in the
paretic arm. Both the 20 and 100 Hz constant faqy stimulation patterns were
delivered using 1 ms pulses, however, only durid@ Bz stimulation was more
torque evoked in the paretic arm than the non-maaetn. The afferent input
during 100 Hz stimulation would be greater thanmy®0 Hz stimulation due to

the increased number of volleys sent to the smio@l for a given time period;
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however, based on the lack of changes in sensanysaxfter stroke (see above),
the afferent volleys would have likely been simb@tween arms during the 100
Hz stimulation. Therefore, for the paretic armames in presynaptic and
postsynaptic mechanisms in the spinal cord mag$geansible for the enhanced
torque evoked during the 100 Hz stimulation.

Contrary to our second hypothesis, in the pagetic during the 100 Hz
constant frequency stimulation pattern using a Juise width, there was a
significant decline in torque from the beginningn(€ 1) to the end (Time 2) of
the stimulation. We believe the current findingsrobt indicate a lack of a central
contribution during 100 Hz constant frequency statian after stroke. Rather,
we speculate the motoneurons in the paretic arre aetivated very quickly
during the stimulation trains due to the increasierent mediated input they
were receiving. These factors may have allowedrfaximal central activation
during the first few seconds of stimulation (i.ethin the Time 1 window) which
would not permit further activation by Time 2. Welieve that the decline in the
torque represents peripheral muscle fatigue oviagithe central contribution.
For this reason, as is discussed later, brief gera$ high frequency stimulation
may be most effective for augmenting torque throaiglenhanced central
contribution in the paretic arm.

4.4.2 Presynaptic changes may enhance contracéwoked by WP-NMES after
stroke

WP-NMES will activate large diameter afferents framscle and
cutaneous receptors and both of these may cordrtbuhe central recruitment of

motoneurons during the stimulation. After a straltganges occur in the spinal
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cord that are presynaptic to motoneurons and infleehe regulation of afferent
input to motoneurons. The net effect of these chanmgthat more afferent input
will reach motoneurons of the paretic arm versesiibn-paretic arm for a given
input to the spinal cord. This increased affedsite, combined with our WP-
NMES protocol designed to maximize afferent actoratmay contribute to the
larger muscle contractions evoked in the pareticiarthe current study.

During NMES, post-activation depression (Crone relsen 1989;
Hultborn et al. 1996) manifests as an immediateadse in reflex amplitude,
after the first reflex (Klakowicz et al. 2006), aisdourported to be due to a lower
probability of neurotransmitter release at theftarant and motoneuron synapse
(Hirst et al. 1981; Kuno 1964; Lev-Tov and Pinc®2p After a stroke, post-
activation depression in reflex pathways contrglline paretic limb is reduced
compared to the non-paretic limb (Aymard et al.2QGmy et al. 2009;
Masakado et al. 2005) and this would increase ffieaey of synaptic
transmission from afferents to motoneurons durepggtitive electrical
stimulation. There is also a decrease in presynaptibition on la afferent
terminals in humans after stroke (Artieda et aBLAymard et al. 2000;
Kagamihara and Masakado 2005; Lamy et al. 2009abldkna et al. 1989).
Similar to reductions in post-activation depressi@aduced presynaptic inhibition
would also increase neurotransmitter release eaehan action potential reaches
the afferent terminal (Rudomin and Schmidt 1999) tus enhance afferent
drive to motoneurons during WP-NMES. Increasgsost-tetanic potentiation at

afferent terminals could also contribute to theasrded contractions in the paretic
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arm. However, little is known about post-tetanatgmtiation after stroke, and
thus, the role of post-tetanic potentiation in ¢hierent results is not clear. Lastly,
there is reduced disynaptic la reciprocal inhilmitio the paretic limb in humans
after stroke (Nakashima et al. 1989; Okuma andl9§6).
4.4.3 Postsynaptic changes may enhance contractienised by WP-NMES after
stroke

In addition to changes that occur presynaptic ¢onlotoneuron after a
stroke, there may be postsynaptic changes thattaffetoneurons themselves. In
recent years, even in non-pathological states, neat@nal excitability has been
shown to vary over a wide range, in part by regutpthe strength of an intrinsic
property known as the persistent inward curren€{FPHultborn et al. 2004).
There is indirect evidence that PICs also contaliatthe discharge of human
motoneurons (Collins et al. 2002; Collins 2007; &sini et al. 1998) and that the
extent to which they do so can be enhanced byasérg monoanimergic drive to
the spinal cord through oral administration of aetaimines (Udina et al. 2010)
or caffeine (Walton et al. 2003). After a strottes disruption of corticospinal
input may lead to an increased influence on motameaxcitability of
bulbospinal projections that provide monoaminengpit to the spinal cord
(Dewald et al. 1995; Dewald and Beer 2001; Elliale2007; Kline et al. 2007,
Zaaimi et al. 2009). If monoaminergic drive is anbed after stroke,
motoneuronal excitability, and potentially the gahtontribution to contractions
evoked by WP-NMES, may increase due to multiplelmaatsms. These
mechanisms could include increased subthresholdlaégation, reduction of the

action potential threshold, reduction of the sakierhyperpolarization, or
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augmentation of PIC amplitude itself (Fedirchuk &ad 2004; Heckman et al.
2005, 2008; Heckman 2003; Powers and Binder 20@Beems unlikely that an
increase in the amplitude of the PIC is respondiali¢he changes in reflex
excitability noted here, as recent evidence praviole Mottram and colleagues
(2009) showed no difference in an indirect measfifeIC amplitude between the
paretic muscle and the non-paretic or control nassduring voluntary ramp
contractions of the biceps brachii muscle. Mottetral. (2009) did however
suggest that increases in the number of spontalyeattssze motor units often
seen in the paretic limb after stroke may be dueltw-level tonic depolarizing
synaptic drive either of cortical or segmental wrigf monoaminergic in nature,
such a tonic drive to motoneurons innervating tefic muscles would be
consistent with the findings of McPherson et ab0@) who demonstrated that
tonic vibration reflexes in the biceps muscle warger in the paretic arm
compared to the non-paretic arm. Thus, althougletls presently no definitive
evidence for changes in PIC amplitude between liaftes stroke, increased
monoamine-mediated motoneuron excitation, potdptiatilitating the ease with
which PICs are elicited, may still be present. &dtgss, both pre- and
postsynaptic changes could contribute to the erdthoontractions in the paretic
arm and the present study was not designed tmgissh between the two.
Finally, recurrent inhibition has most often be&éown to be normal or increased
in individuals with hemiparetic stroke (Katz ane@fot-Deseilligny 1982, 1999).
If recurrent inhibition was increased on the paratbtoneurons, this would have

made the motoneurons less responsive to the rigpatiput generated during the
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stimulation (reflexive or antidromic). Despiteghthe responses were still
enhanced in the paretic arm during WP-NMES.

4.4.4 Clinical Significance

This work represents the first time WP-NMES hashesed to generate
contractions for individuals who have experiencetirake and is a first step
towards the potential application of WP-NMES fdnabilitation in this
population. By using WP-NMES it may be possiblgémerate larger muscle
contractions in the paretic arm for a given stirsudurrent. The larger muscle
contractions may help overcome the abnormal jairgue couplings after stroke
that limit functional movements (Dewald et al. 19B8wald and Beer 2001).
Additionally, producing these contractions with Ewstimulation currents, due to
the central activation of motoneurons during WP-M8\lEhay also reduce
discomfort for the individual. Electrically-evokeauscle contractions that
involve a large central contribution from the rettnent of motoneurons in the
spinal cord may also be more fatigue-resistanttdulee physiological motor unit
recruitment order followed with synaptic activatiom which small fatigue-
resistant motor units are activated first. Thgetyf recruitment is preferable to
that which occurs during contractions that prinyainiolve the direct
depolarization of motor axons underneath the satng electrodes and employs
a random motor unit recruitment order. In the pnéstudy, since torque declined
during the 12 s train of 100 Hz constant frequestayulation, but was
augmented after a shorter (4 s) burst of 100 Hawétion, including brief
periods of high frequency stimulation may be thestadfective way to augment

muscle contractions in the paretic limb while limgt peripheral fatigue.
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A potential drawback of using WP-NMES after strokay be that some
muscles have stronger reflexive input and thus gemerate contractions with a
larger central contribution than others. For exi@nimere are more la afferent
projections to slow motor units than fast motorsigiEccles et al. 1957; Pierrot-
Deseilligny and Burke 2005) and the size of theeHex varies for different
muscles (Jusiet al., 1995; Palmieri 2002). Lastly, furtherdss are required to
determine whether discomfort is reduced during WWWE$ based on the idea that
lower stimulus currents may be employed during WNWAE$ due to the use of a 1
ms pulse width and the addition of the central gbation to the contraction
amplitude.

4.4.5 Future Directions

These experiments have shown that WP-NMES enha@ocgsactions in
the paretic arm after stroke, ostensibly due teramanced reflexive recruitment of
motoneurons. A valuable extension of the currerdyswould be a more
thorough investigation of the stimulation param&terdetermine the optimal
combination of stimulation pulse width, frequeneylantensity for maximizing
the central contribution to electrically-evoked tractions after stroke. Gaining a
better understanding of the afferent origin of ¢katral contribution (i.e. muscle
vS. cutaneous afferents) would also be of inteardtmay lead to improved
methods for enhancing the evoked contractionsdi&un which reflex
responses and motor units are recorded from tretipéimb during WP-NMES
may help verify the central contribution to the k&d contractions and may

provide insights into the pre- and postsynapticngea that occur in the spinal
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cord after stroke. Finally, experiments desigreetest muscle fatigue and the
recruitment characteristics of single motor unitsing WP-NMES in the paretic
limb are needed to determine the extent to whichNWFES reduces muscle

fatigue after stroke.
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Figure 4.1 Torque generated by each stimulation patternsimgle participant.
Torque in the paretic arm is shown by the darketiaed in the non-paretic arm by
the light trace. Each panel shows the torque géeeiby a specific stimulation
pattern: A) 20-100-20 Hz (1 ms pulse width); B) ZIB-20 Hz (0.1 ms pulse
width); C) 20 Hz constant frequency (1 ms pulsetiwidand D) 100 Hz constant
frequency (1 ms pulse width). The inset in panehBws the torque evoked in
each arm by the short stimulus train (25 pulsd98tHz; 1 ms pulse width) used
to set stimulus intensity. Each trace is an aved® repetitions of each
stimulation pattern. The shaded bands repres2rBE. MVT = maximum
voluntary torque.
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Figure 4.2 Torque generated throughout each stimulation patteeraged across
the group. Torgue in the paretic arm is shownheydark trace and in the non-
paretic arm by the light trace. Each panel shdwdarque generated by a
specific stimulation pattern: A) 20-100-20 Hz (1 mdse width); B) 20-100-20
Hz (0.1 ms pulse width); C) 20 Hz constant freqyefdcms pulse width); and D)
100 Hz constant frequency (1 ms pulse width). BEveys have been omitted for
the sake of clarity. The shaded regions in Panaphkesent the time periods
(Time 1 and Time 2) over which data were quantifedstatistical analyses (see
Figures 4.3 and 4.4). MVT = maximum volutary torque
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Figure 4.3 Group data showing the effect of pulse width (10/& ms) on torque
generation for the 20-100-20 Hz stimulation patteforque evoked in the paretic
arm is represented by the black columns; in thepaetic arm by the white
columns. Panel A shows torque evoked using 1 risepaat Time 1 (1.5 s into
the stimulation train) and Time 2 (11.5 s into $fienulation train). Panel B
shows the torque evoked at Time 1 and Time 2 loywdéition using 0.1 ms
pulses. 1 SE is shown. Data columns connectdudnkets are significantly
different from each other (p < 0.05). MVT = maximwaluntary torque.
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Figure 4.4 Group data showing the effect of stimulation freqgye(20 vs 100 Hz)
on torque generation for the group. Torque evakdde paretic arm is
represented by the black columns; in the non-paeetn by the white columns.
Panel A shows the torque evoked by 20 Hz stimulatioms pulse width) for
each arm at the beginning (Time 1; T1) and end €T2nT2) of the stimulation
train. Panel B shows the torque evoked by 100tiHzusation (1 ms pulse width)
for each arm at Time 1 and Time 2. The main effe€time and arm are shown
in the separate insets. 1 SE is shown. For tBeHOstimulation pattern, there
were significant main effects of arm and time whach not shown here for clarity
(see text). MVT = maximum voluntary torque.
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Chapter 5: Reflexive contributions to contractionsevoked by
wide-pulse neuromuscular electrical stimulation inndividuals
with chronic spinal cord injury *

5.1 Introduction

Neuromuscular electrical stimulation (NMES) is oftgpplied over
paralyzed muscles of individuals with chronic spo@d injury (SCI) to assist
with activities of daily living and exercise (Sheffand Chae 2007). NMES
activates muscle via the direct depolarization ofanaxons beneath the
stimulating electrodes. In recent years it ha®berevident that there can also
be a “central contribution” to electrically-evokedntractions (Collins 2007;
Maffiuletti 2010; Vanderthommen and Duchateau 20(NMES delivered using
wide pulse widths (1 ms) and high frequencies upQa0 Hz) (wide pulse NMES,;
WP-NMES) has been shown to enhance this centratibation to the evoked
contractions (Collins et al. 2001, 2002). Thistcalreffect arises from the
electrical activation of sensory axons, which imtueflexively recruit
motoneurons in the spinal cord. During WP-NMES$eatral contribution has
been shown in individuals with no neurological inmpeents (Collins et al. 2001,
2002) and in those who have experienced a spimdliofury (Nickolls et al.
2004) or stroke (Clair et al. submitted, Chapter @pntractions that have a large
central contribution may be more fatigue-resisthah those that are generated
primarily by the direct activation of motor axohsferquist et al. 2009), because

the reflexive recruitment of motoneurons follows 8ize principle in which

! The contributing authors to the work presentethis chapter were: Clair JM, Lagerquist O, and
Collins DF.
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fatigue-resistant motor units are recruited fitd€iineman et al. 1965).
Additionally, orderly motor unit recruitment duridMES may help reduce
disuse atrophy by increasing the activity in thes@ll motor units.

In individuals with no neurological impairmentsyahm of the central
contribution to electrically-evoked contractionsrees from transmission along
the H-reflex pathway (Klakowicz et al. 2006), aadewhen the stimulation is
delivered over a nerve trunk (Baldwin et al. 2008jter an initial depression of
the H-reflex, consistent with the well-known pheresran of post-activation
depression (Crone and Nielsen 1989), reflex angdinecovered to
approximately 50% of its initial value by the enfd7cs of stimulation at 20 Hz
(Klakowicz et al. 2006). Recently we have chanazgel, in more detail, the
depression and recovery of reflex amplitude duli@g trains of stimulation and
have shown that after the initial depression, refferecover and contribute to the
evoked contraction during stimulation at 10 andH2Q(Clair et al. Chapter 3).
This recovery of reflex amplitude was suggestedcur due to a combination of
post-tetanic potentiation of neurotransmitter reéeat la afferent-motoneuron
synapses and the activation of persistent inwanents (PICs) on the
motoneurons themselves. The extent to which Hexe# contribute to
contractions evoked by WP-NMES after SCI has nenhhavestigated.

H-reflexes may be larger during WP-NMES in indivads with SCI,
compared to individuals with no neurological impagénts, due to the changes
that occur in the central nervous system (CNS)Y &@. For example, there is

less post-activation depression of reflex amplitudedividuals who have had a
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SCI (Field-Fote et al. 2006; Ishikawa et al. 1986hindler-lvens and Shields
2000). This, combined with reduced presynaptidoiion (Aymard et al. 2000;
Faist et al. 1994; Kagamihara and Masakado 200§yests that there may be a
greater release of neurotransmitter from affererminals for a given afferent
input. After a SCI there may also be changes irom&iron properties which
increase motoneuron excitability. Acutely afterl SGotoneuron excitability is
largely depressed due to the loss of brainstematetimonoaminergic input
(Harvey et al. 2006; Hounsgaard et al. 1988). Riewerk has shown that over
time large amplitude PICs develop that re-estalstistoneuron excitability
(Murray et al. 2010). Using an indirect measur@if amplitude in humans with
SCI, it was estimated that during a spasm, appratdiyn 40% of the excitation to
motoneurons comes from PICs (Gorassini et al. 2084iditionally, self-
sustained firing of motor units, a hallmark of RiGivation, has been shown
following electrical stimulation (Nickolls et al0R4) or voluntary contractions of
paretic muscle (Zijdewind and Thomas 2003). Thalwioation of reduced
presynaptic inhibitory mechanisms and enhanced meot@n excitability, may
lead to a greater central contribution to musclermextions evoked by WP-NMES
after SCI.

The purpose of the present study was to deterthmextent to which
muscle contractions are driven through reflex payswduring WP-NMES after
SCI. Stimulation was delivered over the tibialveem the popliteal fossa using 1
ms pulse widths, to maximize the activation of sepsxons (Lagerquist and

Collins 2008; Panizza et al. 1992; Veale et al.3)9&nd two stimulation patterns:

145



20 Hz for 12 s (“constant frequency pattern”) afel®0-20 Hz for 4 s in each
phase (“burst-like pattern”). The constant freqryepattern was used to assess
reflex amplitudes during trains of electrical stiation that were similar to
traditional stimulation protocols. The burst-ligattern was used because
previous work has shown a sustained increase guéofCollins et al. 2001, 2002;
Nickolls et al. 2004) and reflex amplitude (Klak@wiet al. 2006) after the 100
Hz stimulation due to the central recruitment oftom@urons. We hypothesized
that transmission along the H-reflex pathway wdaddnitially depressed, but
would recover during both stimulation patterns. &l&o hypothesised that H-
reflexes would be larger by the end of the bukst-pattern compared to the
constant frequency pattern, due to an enhancedatenntribution from the 100
Hz “burst”. The results of these experiments shtioat H-reflexes can contribute
when NMES is used to generate contractions forviddals who have had a SCI.
Enhancing the synaptic recruitment of low threshuofator units using WP-
NMES may help generate contractions that are nagiguie-resistant and reduce

disuse atrophy.

5.2 Methods
5.2.1 Participants

NMES was applied to the right tibial nerve in thapliteal fossa to
activate the triceps surae muscles of 12 indivslwdlo had experienced a spinal
cord injury (SCI). Three individuals were withdnafvom the study because H-
reflexes were not evoked consistently, or at dllewsingle pulses of electrical

stimulation were delivered over the range of stusuhtensities used to generate
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M-wave/H-reflex recruitment curves (see below).efdiore, data from the
remaining 9 participants (7 males and 2 females;ragge: 18-52 yrs) were used
for the data analyses (see Table 5.1: SCI Partitigharacteristics). All injuries
occurred as result of trauma at least 9 monthg fiparticipating in this study
and were located in the cervical region of the gpoord. Four participants had
complete injuries and five had incomplete injurigsven of the participants were
taking Baclofen to treat spasticity. Participantse recruited from The
Steadward Centre at the University of Alberta,@lity that provides physical
activity and sport programs for individuals witlsabilities, where they were
taking part in functional electrical stimulatiorsased exercise programs. Each
participant provided informed, written consent.eTdxperiments were conducted
in accordance with the standards set by the Ddiaraf Helsinki for research
involving human participants and were approvedheyHealth Research Ethics
Board at the University of Alberta.

5.2.2 Experimental Protocol

Experimental procedures were performed on the feghin 8 participants.
In 1 participant procedures were performed on éfftdeg due to limited range of
motion of their right knee and ankle. Surface et@oyography (EMG) was
recorded from the soleus muscle using disposaplddri surface EMG electrodes
(2.54 cnf, A10043-P, Vermed Medical, Bellows Falls, VT). ETBMG signals
were band-pass filtered from 30-3000 Hz and angalifi000-2000 times
(Neurolog System; Digitimer, Welwyn Garden City, YKA reference electrode
was placed on the tibial plateau (10.16 cm x 2 Elagtrosurgical Patient Plate:

Split, 3M Health Care, St. Paul, MN).
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Electrical stimulation was delivered to the tibi@rve in the popliteal
fossa through disposable bipolar surface EMG aldes (2.54 cfy A10043-P,
Vermed Medical, Bellows Falls, VT) using a constamtrent stimulator (DS7A;
Digitimer, Welwyn Garden City, UK). Stimulation ldeery and data collection
were controlled by custom written software (LabVjéational Instruments,
Austin, TX). All data were sampled at 5000 Hz atwred on a computer for later
analysis. For all trials, participants were seatedhe chair of a Biodex
dynamometer (System 3, Biodex Medical SystemsShaley, NY, USA) with
their knee and ankle at 110 and 90°, respectivébatbelts were placed over their
shoulders and across their waist to help maintaonsistent upright posture for
the duration of the experiment. Participants wes&ucted to remain relaxed
throughout the stimulation trials. Each experimagan by collecting data for
soleus M-wave/H-reflex recruitment curves by deiivg 50 single pulses (1 ms
pulse width), each separated by 5-7 s, at intessiinging from below M-wave
and H-reflex threshold to 1.5 times the minimunrent required to elicit the
maximum M-wave (M. In all other trials, 12 s stimulus trains weledivered
using a 1 ms pulse width and two stimulation patiel) 20 Hz for 12 s
(“constant frequency pattern”) and 2) 20-100-20(# 3 each phase; “burst-like
pattern”). For 4 participants 15 Hz was used extef 20 Hz because the
latencies of their H-reflexes were such that dugHz stimulation the H-
reflexes overlapped with the stimulation artefaotd accurate quantification of
reflex amplitude was not possible. Each trial cstesl of three identical

stimulation trains separated by 30 s. Stimulatndensity was set at the
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beginning of each trial to evoke an M-wave of 1041&f M. in response to 3
single pulses delivered approximately 5 s apart.

5.2.3 Data Analysis

Custom written Matlab software (The Mathworks, H&atiMA) was used
to perform data analysis post-hoc. Response amphtduring the stimulation
were quantified and compared using procedures we tiescribed previously
(Clair et al. Chapter 3). The peak-to-peak amgésiof each M-wave and H-
reflex were measured and then normalized to tlyeaMM-wave amplitude
(Mmay Obtained from each participant’s recruitment eurResponses were not
analyzed during the 100 Hz stimulation of the bilik& pattern due to
contamination of the EMG by the stimulus artefadtsr each participant and
stimulation pattern the amplitude of the firsty(bt H;) and second (Mor Hy)
responses were averaged over the three stimukaéims in each trial.
Additionally, after the first response in each stiation train, all responses were
averaged over 0.5 s intervals to generate 24 diasaals shown in Figure 5.1. To
characterize the changes in reflex amplitude, oeasure was used to quantify
the initial reflex depression (post-activation deggion) and 3 measures were used
to quantify the reflex recovery. To quantify pastivation depression, the
amplitude of the second response was compare@tatihe first response. The
time course of recovery was assessed using 2 nesaslio determine whether
responses recovered immediately after the iniggression (“fast” recovery), the
amplitude of the second response was compare@ tméan of the responses over
the first 0.5 s of stimulation (Bin 1). Any “addibal” recovery after Bin 1, was

assessed by comparing the mean of the respongag the last 0.5 s of
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stimulation to the mean of Bin 1. The recoveryaifex amplitude was
“‘complete” if the mean of Bin 24 was not differéram the mean amplitude of
the first response. For the burst-like patterma dallected during the 100 Hz
burst (Bins 9-16) were not included in the analydas to the contamination of
the EMG by the stimulation artefacts, as descrétsalve.

5.2.4 Statistical Analysis

Separate repeated measures analysis of varians€nmeaNOVASs) were
performed for M-wave and H-reflex data. A 2-wayANOVA was used to test
for significant effects of stimulation pattern (ftgtant frequency” and “burst-
like™) and time (first response, second responge,1BBin 24) on response
amplitude. Tukey’s HSD tests were performed whgor@priate on significant
interactions or main effects identified by the rm@MA analyses. Post-hoc
analyses of main effects were not conducted wheretivas a significant
interaction. The alpha level for all statisticabéyses was set at 0.05. Descriptive

statistics are reported as the mean + 1 SE.

5.3 Results

Data from a single participant are shown in Figuéfor one 12 s train of
stimulation during the constant frequency (panebAd burst-like (panel B)
stimulation patterns. The amplitudes of M-waved Hrreflexes are shown by
the open circles and filled diamonds, respectivéharing both stimulation
patterns, there was depression of the H-reflex sna@ immediately after the
first response. Recovery of the H-reflex amplitud@vever, was dependent on

stimulation pattern. During the constant frequepaitern there was partial
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recovery of reflex amplitude by the end of thertralthough, the H-reflex
amplitude at the end of the train was still appmoatiely 50% smaller thaniH
(Fig. 5.2a). During the burst-like pattern, reagvef reflex amplitude was also
evident, however this recovery was “complete”, lseathe reflex amplitudes
after the brief period of 100 Hz stimulation wemnaitar, at times even larger,
than H (Fig. 5.2b). In contrast to these robust chamgésreflex amplitude, M-
waves remained relatively stable throughout thawdtion.

For the group, mean M-wave and H-reflex amplituglesntified over the
12 s trains are shown in Figure 5.3. Both M-waaed H-reflexes were
depressed after the first response. H-reflexes/ered from this initial
depression only after the 100 Hz stimulation. Mewave amplitude, there was a
significant main effect of time [k24)= 6.26, p < 0.01], no main effect of
stimulation pattern, and no significant interactid®?ost-hoc analysis of the main
effect of time, with the data collapsed across titnulation patterns (data not
shown), revealed that the first M-wave M 1.9 £ 1.6% May) was significantly
larger than the second M-wave £{M6.9 £ 1.5% M.y [p < 0.01], M-waves
averaged over the first 0.5 s of stimulation (BirY B £ 1.9% M.y [p < 0.05],
and at the end of the 12 s stimulation train (BIn@6 + 1.8% M.y [p < 0.01].
M-waves were not significantly different between,Bin 1, and Bin 24.

For the H-reflex data, there was a significantriatton between
stimulation pattern and time sy = 4.18, p < 0.05]. The results of the post-hoc
analyses performed on this interaction are shownguare 5.4. Significant reflex

depression occurred during both stimulation pasteffhe second H-reflex was
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depressed by 57% and 51%, compared to the filsixyafuring the constant
frequency pattern [p < 0.001] and the burst-likligra [p < 0.001], respectively.
Reflexes did not recover during the first 0.5 shaf stimulation for both
stimulation patterns; fHwas not different from Bin 1. Reflex amplitudes
remained depressed for the remainder of the canfséauency pattern (51Bin 1
and Bin 24 were not significantly different). Duogithe burst-like pattern,
recovery of reflex amplitude was observed afterfits¢ 0.5 s of stimulation; Bin
24 was larger than Bin 1 [p < 0.001], indicatingttthe 4 s “burst” of 100 Hz
stimulation had an effect on reflex recovery. Ctaterecovery was also
achieved during the burst-like pattern becausand Bin 24 were not
significantly different. Lastly, H-reflexes werarger by the end of the burst-like
pattern (55% May compared to the end of the constant frequendgpa37%

Mumay) [p < 0.001].

5.4 Discussion

In the present study we examined the reflexiverdmution to muscle
contractions evoked during WP-NMES in a group dividuals with chronic
SCI. In support of our first hypothesis, transnuissalong the H-reflex pathway
contributed to contractions evoked by both the tamdrequency and burst-like
patterns. In support of our second hypothesiscéiméral contribution was greater
after the 100 Hz stimulation during the burst-lgagtern compared to the same
time period during the constant frequency stimalapattern. The rationale for
our prediction that H-reflexes would contributectmtractions evoked by WP-

NMES after SCI was based on two lines of eviderféestly, a central

152



contribution during WP-NMES has been shown in irdinals with no
neurological impairments (Clair et al. Chapter Bakowicz et al. 2006) and in
individuals with SCI (Nickolls et al. 2004) or sk® (Clair et al. submitted,
Chapter 4). Secondly, transmission along the texgfathway (Calancie et al.
1993; Ishikawa et al. 1966; Schindler-lvens ancelslsi2000) and motoneuron
excitability (Gorassini et al. 2004, Li and Benr2®03; Murray et al. 2010)
change after chronic SCI, such that the centrafritiution to contractions evoked
by WP-NMES may be larger for individuals with S@hepared to those with no
neurological impairments, although a direct congmaribetween groups was not
part of the current study. Below we discuss tlee pnd postsynaptic changes that
influence reflex transmission after SCI and thatldaffect the central
contribution to contractions evoked by WP-NMES.

5.4.1 Pre- and postsynaptic changes may enhandeactions evoked by WP-
NMES after SCI

Post-activation depression (Crone and Nielsen 1888 shown to be
reduced after chronic SCI; during 2 s of 10 Hz station, H-reflex amplitudes
were depressed by 49%, after the first responssrapared to 93% in
individuals with no neurological impairments (Sdier-lvens and Shields 2000).
In the current study we observed similar depressforflex amplitudes after SCI
(54%) when stimulation was delivered at 15-20 Hazditionally, in a previous
study using a stimulation protocol similar to thaed in the current study, we
found a 90% reduction of reflex amplitudes in induals with no neurological
impairments (Clair et al. Chapter 3). Given thastpactivation depression is

reduced after SCI, sensory input generated durilggNWIES would have a larger
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affect on motor pool excitability after SCI becatisere would be less inhibition
of afferent transmission. Thus, a reduction intyaasivation depression at the la
afferent terminals could be contributing to thdexfze contribution observed in
the current study. There is also a reduction @symaptic inhibition after SCI
(Faist et al. 1994; Kagamihara and Masakado 20Dtshviduals with paraplegia
showed greater facilitation of the soleus H-rethxplitude in response to a
femoral nerve conditioning pulse, compared to irdligls with no neurological
impairments (Faist et al. 1994). Similar to redwts in post-activation
depression, less presynaptic inhibition at thefflerant terminals would result in
increased neurotransmitter release for a giventitgthe afferent terminal
(Rudomin and Schmidt 1999).

Post-tetanic potentiation at the la afferent-metoon synapse during
repetitive stimulation (LIloyd 1949), resulting in ancreased probability of
neurotransmitter release (Hirst et al. 1981; Ku@864), may also partly account
for the large H-reflex amplitudes during WP-NMESsetved in the current study
(Klakowicz et al. 2006). Currently, little is knomabout post-tetanic potentiation
at the la afferent-motoneuron synapse after S&€thé present study, we
observed no recovery of reflex amplitude duringstant frequency stimulation at
20 Hz. This result is not consistent with previdinglings in individuals with no
neurological impairments, in which recovery withine first 0.5 s of stimulation
was reported during the same stimulation pattetai(€t al. Chapter 3). This
difference in the recovery of reflex amplitudesviextn these studies may be an

indication of differences in post-tetanic potentiatafter SCI.
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In addition to changes in the regulation of afféieput, motoneuron
properties change after SCI. For example, theatabn of PICs is markedly
diminished acutely after SCI (Harvey et al. 2006uHsgaard et al. 1988), but
restored in the chronic state (Li and Bennett 20B3s after chronic SCI are
often large in amplitude and difficult to turn alffie to the lack of descending
inhibitory inputs. Similarly after human SCI, emcad PICs are thought to be
involved in restoring motoneuronal excitability aiedcontribute to the generation
of muscle spasms (Gorassini et al. 2004; Hornla}.2003; Nickolls et al. 2004;
Zijdewind and Thomas 2003). Taken together, desg@anhibition of afferent
transmission, along with enhanced motoneuron ebititig suggest the sensory
input generated during WP-NMES after SCI may reisudt larger than normally
expected motor output. Future experiments areinedjto compare the central
contribution to contractions evoked by WP-NMESndividuals with SCI and
those with no neurological impairments.

Other factors that could have influenced the curresults are a decrease
in the duration of the afterhyperpolarization ahdreges in axonal excitability
after SCI. Cats with chronic spinal transectidmsveed a significant reduction in
the duration of the afterhyperpolarization peri@dpe et al. 1986; Czeh et al.
1978; Hochman and McCrea 1994). After human S@Ilatoneurons exhibit
similar changes in the duration of the afterhyp&mpmnation, during WP-NMES,
motoneurons may be able to respond more robustipetitive input.
Additionally, Lin et al. (2007) reported that mo#ron excitability was decreased

below the level of the lesion in individuals withronic SCI. This may have
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played a role in the depression of M-waves obsenvéide current study. If
sensory axons exhibit comparable decreases in ba&raigability after SCI, this
could also account for part of the depression oéftex amplitudes.

5.4.2 Implications for using WP-NMES for rehabitiive after SCI

To maximize transmission along the H-reflex pathwaring WP-NMES,
low stimulation intensities would reduce antidroroadlision along the motor
axons. Currently, we have not determined whetbetractions generated during
WP-NMES at lower stimulus intensities would be &aemough to improve
muscle quality after SCI or if they would be suféiat for functional movements;
however, in individuals with no neurological impagnts contractions of 40%
MVC have been generated (Collins et al. 2002). dppication of WP-NMES
for generating functional movements may also bééichbecause precise
methods to control the amplitude of the centralticbuation and to turn off
contractions evoked by WP-NMES have not been détean

There is also the possibility that muscle spasoutdcbe enhanced due to
the reflexive recruitment of motoneurons during WMIES after SCI. We do not
think this is likely based on the current study #&mat by Nickolls et al. (2004) in
which none of the participants reported a changgasms during or after their
involvement in the study. Alternatively, in thergent study the stimulation may
not have triggered spasms because a majority gidheipants were taking
Baclofen, a medication prescribed to reduce spgs{idario and Tomei 2004).
Although we did not investigate the effect of Bdeloon the reflexive
contribution to electrically-evoked contractionsnd-term use of this medication

has been shown to reduce motor unit tetanic faftlesmas et al. 2010).
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Additionally, because Baclofen acts primarily oe firesynaptic afferent
terminals it would likely reduce the central cobtriion during WP-NMES, in
which case, the H-reflex contributions to electhicavoked contractions may
have been underestimated in the current study.

In the current study, a central contribution dgrir? s trains of WP-NMES
was demonstrated in individuals with chronic STitansmission along the H-
reflex pathway was affected by stimulation patt@nce reflex amplitudes were
37% Mnax by the end of the constant frequency pattern &3d Bl,.x by the end
of the burst-like pattern. Slow recovery of refexplitude was only observed
during the burst-like pattern and no recovery @ieseamplitude occurred during
the constant frequency pattern. Hence, brief peradd.00 Hz stimulation were
beneficial for enhancing the central contributiorcontractions. In the future,
delivering these brief bursts very early in a slation train may expedite the
recovery of reflex amplitude and increase the x&fle recruitment of
motoneurons throughout the stimulation, while asnimizing muscular fatigue.
A potential benefit of WP-NMES is that the reflegixecruitment of motor units
during WP-NMES occurs according to the size prilecip which the small
fatigue resistant motor units are recruited fifglaintaining the activity of small
motor units may increase the fatigue-resistancdegftrically-evoked contractions
and may help reduce disuse atrophy after SCI. mrakcontribution to
contractions during WP-NMES has been demonstratedveral different
muscles in individuals with no neurological impagmts (Baldwin et al. 2006;

Blouin et al. 2009; Collins et al. 2002; Klakowietzal. 2006; Maffiuletti 2010).
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These results suggest that WP-NMES may be usetit@te many different
muscles after SCI, although this has not beendedterther work is also required
to determine the optimal combination of stimulusapaeters (i.e. frequency,
pattern, intensity, and pulse width) for evoking tireatest central contribution.
Lastly, investigations of the fatigue propertiesl amotor unit recruitment
characteristics during WP-NMES are needed to vénéyproposed benefits of

WP-NMES over more traditional stimulation protocols
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Table 5.1SCI Participant Characteristics

Code/ Age (yrs) Time post- Injury Level ASIA

Sex injury (yrs) score*
M 19 0.75 C, A
2M 18 0.75 Cus B
1F 51 1.8 Css A
2F 28 5.75 Co7 B
3M 27 5.9 Css B
4M 34 9.7 Css B
5M 24 6.0 Crs A
6M 52 51 Cys A
™ 23 3.7 Cus C

* American Spinal Injury Association Score
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5.1A diagram illustrating the method used to quantéffex depression

and recovery during 12 s trains of stimulation.e Titial depression was
assessed by comparing the firsgXHnd second (k) reflexes. “Fast” recovery
was assessed by comparing the second reflex antl Basponses averaged over
the first 0.5 s). “Additional” recovery, after tfiest 0.5 s of stimulation, was
assessed by comparing Bin 24 (responses averagethevast 0.5 s) to Bin 1.
“Complete” recovery was assessed by comparing Bito2he first reflex.
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Figure 5.2 Soleus M-wave and H-reflex data from a singleipigant with
incomplete SCI (6Cs) during stimulation of the tibial nerve in the pitgal fossa
using two different stimulation patterns. A) 20 féz 12 s using a 1 ms pulse
width (“constant frequency pattern”). B) 15-100H5 for 4 s each phase using a
1 ms pulse width (“burst-like pattern”). Stimulumensity was set to evoke ~15%
Mmax With a single pulse. The M-wave and H-reflex ex@ky each stimulus
pulse are shown.
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Figure 5.3 Group average M-wave (upper panel) and H-refleglandes (lower
panel) throughout the entire stimulation periodtfar constant frequency and
burst-like patterns. The mean of the first andbadaesponses are shown,
followed by the mean of responses averaged oves Bibs. Error bars have been
omitted for clarity.
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Figure 5.4 Group data showing the effect of stimulation pattend time on H-
reflex amplitudes. Four time points are shownefach stimulation pattern (H
H,, Bin 1, and Bin 24). 1 SE is shown. Columns redrky asterisks or crosses

were significantly different from each other.
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Chapter 6: General Discussion

The common theme that links the chapters of thesighis sensorimotor
integration in the human spinal cord. Sensorimpttaygration in the intact
nervous system was the focus of Chapters 2 anth&,enas the injured nervous
system, due to stroke or spinal cord injury (S@gs the focus of Chapters 4 and
5. Mechanical perturbations and surface electagalulation were used as non-
invasive probes of the nervous system and allowetufther characterization of
spinal circuitry and reflex transmission in botke thtact and injured states.
Summarized below are the major findings of eackishehapter, followed by a
discussion of the implications of these findingsarms of basic or clinical
neurophysiology and possible future directions.

6.1 Spinal circuitry in the intact human spinal cod

The objective of Chapter 2 was to determine wiretpaal reflex
pathways connect sensory receptors in the lowetoléige erector spinae (ES)
muscles of the lower back. | found that taps agupto the Achilles’ tendon
elicited short-latency reflexes bilaterally in B8 muscles. These reflexes were
larger in the ES muscle contralateral to the statioh site and were modulated
based on body position, but not due to the presenabsence of visual input.
Most surprisingly, taps delivered to the laterdtaneus evoked reflexes in the ES
muscles that were not different from those evokethb Achilles’ taps.
Stimulation of the sural nerve, a purely cutanewerye, also evoked responses in
the ES muscles that were similar to those evoketthdchilles’ tap. Based on
these findings, | suggested that the reflexestetidn the ES muscles involved a

larger contribution from cutaneous receptors inldiveer limb, rather than muscle
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spindles. | proposed that these reflexes may liaye in postural stability and
the maintenance of balance; however, this remaib® tdetermined.

Future investigations on the nature of the shaidricy ES reflexes could
include a detailed assessment of these reflex@ésgumnctional tasks, such as
walking. In regards to the afferent origin of gteort-latency reflexes in ES,
determining the relative contributions of cutanemeeptors versus muscle
spindles would be of interest. In additional expents not discussed in Chapter
2, techniques such as applying a topical anaestttethe skin of the foot and
ankle or freezing the foot in ice water did notquakgtely remove contributions
from cutaneous receptors. Thus, to assess thelmdrdn from muscle spindles
located in muscles of the lower leg, the best netthoselectively eliminate
contributions from the cutaneous receptors woultblsteliver a local anaesthetic
to the cutaneous nerves of the lower leg and foot.

6.2 Reflex transmission in the intact human spinatord

The objective of Chapter 3 was to study transmissiong the H-reflex
pathway throughout 10 s trains of electrical stimtioh delivered at
physiologically relevant stimulation frequenciesidg functionally relevant tasks
and background contraction amplitudes. Changé&amsmission were assessed
by quantifying the post-activation depression awbvery of reflex amplitudes
(PAD&R). Stimulation frequency and background caation amplitude
influenced PAD&R, but there was no difference ia thodulation of transmission
along the H-reflex pathway between sitting andditagntasks. The PAD |

observed was, in most cases, consistent with puevigports (Burke et al. 1989;
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Goulart et al. 2000; Ishikawa et al. 1966; McNuwdtyal. 2008; Trimble et al.
2000). The finding of reflex recovery, howeverpoped the common assumption
that during periods of repetitive afferent inpus thepression expressed after the
first pulse is maintained for the duration of thput. | not only observed
significant recovery of reflex amplitude, but d@gihO Hz stimulation reflex
amplitudes recovered completely, and at times, ¢et@pecovery occurred by the
third reflex. These findings highlight that trarissmion predominantly along the
la afferent pathway is continually modified durirgpetitive input and that the
balance achieved between depression and facihtafioransmission is dependent
upon stimulation frequency and background contvaciimplitude. These results
also demonstrate that modulation of transmissiongthe la afferent pathway
may play a role during voluntary movements wheaffarents are firing at
frequencies of between 5 and 20 Hz and backgroanttaction amplitudes up to
20 % MVC. Furthermore, the very fast reflex reagvabserved within the first
several stimulation pulses is not consistent withdlassical mechanism used to
describe PAD; a decreased probability of neurotratter release from previously
active la afferent terminals (Hirst et al. 1981;ltHarn et al. 1996; Kuno 1964).
This time course for the recovery of reflex amglgunay not coincide with the
time course of neurotransmitter replenishmentfareat terminals (Kavalali
2007).

Based on the characterization of the recovergféx amplitude in
Chapter 3, further investigations of the mechanidmsng this recovery process

are warranted, especially, in terms of the veryfasovery. The use of computer
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programs which can model reflex transmission ataheferent-motoneuron
synapse may be shed light on the mechanisms invaivéhe reflex recovery, in
addition to determining the physiological param&tehich could lead to the
strong alternations in reflex amplitudes that walseerved. Another avenue to
explore could be the relationship between motor sine and the amplitude of
reflex recovery. Since more PAD has been repantadhall motor units as
compared to large motor units (Crone et al. 19%@etér and Kohn 1997; Lloyd
and Wilson 1957; Van Boxtel 1986), the questiona®m® as to whether the
amplitude of recovery is also dependent on motdrsire. PAD&R assessed
using single motor unit recordings during train®lctrical stimulation could
help answer this question. These single motorreniirdings would also provide
information about whether the strong alternatioheftlex amplitude are
expressed at the level of single motor units. Iyagtwould be interesting to
study how transmission along the H-reflex pathwlagnges during trains of
electrical stimulation in individuals with neurologl impairments. In Chapter 5
of this thesis PAD&R of reflex amplitude were intigated in individuals with
chronic SCI, however a wide range of stimulationdibons was not included. It
may be that continual modulation of transmissianglthe H-reflex pathway
allows for the reflexive recruitment of motoneurdaaglay a role in voluntary
movement and during muscle contractions evokeddwstrecal stimulation for

rehabilitation.
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6.3 The effect of wide-pulse neuromuscular electrét stimulation on torque
production and reflex transmission after stroke andSCI

The objective of the Chapter 4 was to determieectifiect of wide-pulse
neuromuscular electrical stimulation (WP-NMES) orgtie production in
individuals with chronic hemiparetic stroke. Whet ms pulse width was used
elbow flexion torque was enhanced in the paretit @@mpared to the non-paretic
arm. Additionally, brief periods of 100 Hz stimtita were beneficial for
augmenting torque production, as compared to lopgeods of 100 Hz
stimulation in which a fatigue-related decline e torque was evident. A
combination of changes in presynaptic inhibitorychemnisms that control reflex
transmission at the la-afferent motoneuron synapslepossible increases in
motoneuron excitability may contribute to the ertethcontractions in the paretic
arm. This was the first time that WP-NMES has biested in individuals with
chronic stroke and the enhanced torque produatidhd paretic limb suggests
that WP-NMES may be beneficial for rehabilitaticed below).

The objective of Chapter 5 was to determine therexb which reflexes
can contribute to contractions evoked by WP-NMES8ré8CI. The results
showed a significant reflexive contribution to étexally-evoked contractions
after SCI. There was significant depression deredmplitude at the beginning
of the stimulation trains, similar to the resullganed in individuals with no
neurological impairments (Chapter 3). After chmo8(Cl, significant recovery of
reflex amplitude only occurred after a brief bwk100 Hz stimulation. This
large reflex recovery may be due to changes thairao mechanisms controlling

reflex transmission at the la afferent terminalghareases in motoneuron
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excitability after SCI. This was the first timeatra reflexive contribution to
contractions evoked by WP-NMES after SCI has béemws, and these results
point towards the use of WP-NMES for rehabilitatadter SCI.

There are two applications of WP-NMES for rehahiion after stroke or
SCI: the first is using WP-NMES to maintain or imape muscle quality and the
second is using WP-NMES to produce functional moxetst The results
presented in this thesis show promise for the 6%8R-NMES for maintaining
muscle quality, however the eventual use of WP-NM&3jenerating functional
movements is more uncertain. This is becausegeecsethods for controlling the
amplitude of the contractions evoked by WP-NME$hertiming of the central
contribution have not been developed. It is fas tkason that the discussion
below will focus on the first application of WP-NNSE

WP-NMES may be effective for maintaining musclaliy because the
central contribution is thought to be generatedtiv@areflexive recruitment of
motor units according to the size principle (Henaarat al. 1965). This means
that the small fatigue-resistant units would beuged first and would be more
active than if a random recruitment order was f@éld, such as for the direct
activation of motor axons during NMES (Feiereisenlel1997; Gregory and
Bickel 2005; Jubeau et al. 2007). Enhancing tlderby recruitment of motor
units during WP-NMES may lead to muscle contradithrat are more fatigue-
resistant and, if used on a long-term basis, caeddce disuse atrophy; however,
further work is required to confirm these potentmplications. A study in which

single motor units are recorded during WP-NMESividuals with stroke or
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SCI, would verify the recruitment order of motointsrduring WP-NMES. |
predict that there would be a greater number oflsmator units, compared to
large motor units, recruited during electricallyo&ed contractions that have a
large central contribution versus contractions teate a small central
contribution. Another future direction could becimmpare the fatigue-resistance
of contractions evoked by WP-NMES compared to ni@ditional NMES
protocols (e.g. 10Qs pulse width, 20 Hz) in paralyzed muscle. Thelence
available to date, in individuals with no neurokaiimpairments, shows that
contractions are more fatigue-resistant during WWES$ when a central
contribution is present (Lagerquist et al. 200B\rther work is also required to
determine the optimal combination of stimulatioeguency, pattern, pulse width,
intensity, and duration for maximizing the centrahtribution. Part of this body
of work may involve determining whether stimulatidelivered over the nerve
trunk or muscle belly is more effective for enhangcihe central contribution to
contractions evoked by WP-NMES after stroke or SiGstly, the effect of WP-
NMES could be investigated in individuals with atimeurological impairments
that have resulted in muscle fatigue, weaknesatrophy, such as multiple
sclerosis or amyotrophic lateral sclerosis.

The topic of spasticity and WP-NMES also warrdatther investigation.
It was suggested in Chapters 4 and 5 that theadiciivof persistent inward
currents (PICs) on motoneurons may be one of thehamesms driving the central
contribution to muscle contractions. Since PIOghaeen shown to be involved

in the generation of muscle spasms (Gorassini @08K4), there is some concern
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that spasms may be exacerbated during WP-NMESs dides not seem likely
because none of the participants in the Nickolksl.ef2004) study or in this thesis
reported a change in spasms during or after assessWP-NMES. Also, other
studies have reported a reduction in spasticigr atsingle session of NMES
(Ping Ho and Kam Kwan 2010) or repeated sessiogdiffet al. 2005; Krause et
al. 2008). A systematic study in which the effecWWP-NMES on spasticity is
investigated would confirm or reject the currenéeaotal reports. It would also
be interesting to look at the effect of anti-spastedications on the amplitude
and time course of the central contribution. Thera possibility that the central
contribution reported in Chapter 5 was under-egeshaue to the majority of
participants taking Baclofen. On the contrarysthenedications may have
decreased the likelihood of evoking spasms durifiyNWES.

Lastly, if positive results were obtained from thetential studies
described above (i.e. in a single experimentali@esswas shown that during
WP-NMES the central contribution increased the dydecruitment of motor
units and fatigue-resistance, and spasticity wasvoosened), | would continue
on with a study that investigates the long- terfect$ of using WP-NMES on
muscle health after stroke or SCI. This could tiddesform of a 12 week training
study that compares WP-NMES to more traditional N8iotocols (e.g. 100s
pulse width, 20 Hz) in individuals with chronicaite or SCI. This study would
conclusively determine the applicability of WP-NMES rehabilitation by
answering the question of whether long-term us&/BtNMES significantly

improves the fatigue-resistance of the muscle @&uwdedses disuse atrophy.
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6.4 Summary

The work presented in this thesis contributes édfisld of sensorimotor
integration within the human nervous system initit@ct and injured states. In
regards to the impact of this work, it is my hopattit raises awareness about the
potential involvement of transmission along ref@thways during voluntary and
electrically-evoked muscle contractions for reskars, clinicians, rehabilitation
specialists, and fitness professionals. This shesiphasizes that the modulation
of transmission along reflex pathways is a contipuacess, in which the balance
between depression and facilitation is constariitgnging and is dependent upon
many factors, such as task (Chapter 2), stimuldteguency (Chapters 3, 4, 5)
and background contraction (Chapter 3). Lastlyxim&ing transmission along
reflex pathways during WP-NMES may improve thecaftly of electrically-

evoked contractions for individuals with neurolaiesnpairments.
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