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Abstract

Spinal cord injury (SCI) resulting in paralysis has an enormous im pact not only on the 

health of the individual, bu t more fundamentally their independence and self-image. Ad­

vancements in trea tm ent and rehabilitation can result in an improvement in the qual­

ity of life of these individuals. The studies presented in this dissertation were conducted 

with the goal of developing functional electrical stim ulation (FES) techniques and control 

paradigms for restoring standing and stepping after SCI. The approach taken was to  apply 

physiologically-based control strategies and stim ulation paradigm s to  achieve this goal. In- 

traspinal m icrostim ulation (ISMS) is an FES technique in which stim ulation is applied to 

the spinal cord through microwires im planted into the ventral horn. This technique taps 

into some of the physiological characteristics of neuronal recruitm ent resulting in increased 

fatigue resistance and more graded force recruitm ent for ISMS (vs. peripheral FES).

In the first study, continuous trains of supra-m otor-threshold ISMS and intram uscular 

stim ulation (IM-S) were used to  generate load-bearing standing. T he duration and stability 

of standing was improved when using interleaved ISMS, as opposed to  non-interleaved 

IM-S. The addition of a closed-loop controller th a t used joint angle and hindlimb loading 

information to  minimize the am plitude of the applied stim ulation further improved the 

balance of the ISMS standing.

The second study used a continuous ISMS stim ulation protocol similar to  th a t used to 

generate standing. However, in this study, m otor-threshold levels of stim ulation acted to 

excite intrinsic spinal networks involved in generating locomotor patterns. The results from 

this study provide insight into how locomotor networks are d istributed  within the spinal 

cord. However, the evoked stepping was characterized by low weight-bearing and propulsive 

forces making it unsuitable for functional gait.
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In the  final study, load-bearing overground locomotion was generated using several 

physiologically-based controllers in conjunction w ith IM-S. Phase transitions governed by 

intrinsic tim ing or sensory information alone resulted in unstable gait. A combination of 

intrinsically-tim ed and sensory-driven phase transitions dem onstrated potential for gener­

ating robust overground locomotion.

These studies advanced the development of a physiologically-based FES system for 

restoring standing and stepping after SCI while also providing insight into the neural control 

of locomotion.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



For M om and Dad, 
the strongest people I  know.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Acknowledgements

My mom and dad are my inspiration. They have achieved so much even though none of 

it has come easily. They have taught me to  persevere. To struggle. To stand up. To 

succeed. Mom, you’ve taught me the power of positive energy and th a t facing your fears 

and weaknesses is the best way to  grow. Dad, you’ve encouraged me to  think analytically 

and to approach life’s challenges as an adventure. There are no wrong choices, only ones 

th a t lead you down a different path.

I also take inspiration from my brother and sister. Vince, you’re a rock. I think of you 

when I need to  be level-headed and sensible. Brenda, you are tru ly  brilliant. It means so 

much to  me to  have you as my sister and my friend.

I t ’s tough being so far away from home bu t I ’ve been lucky to  have people around who 

care. Stella and Ian, thank  you for always making me feel welcome in your home. It has 

m eant so much to  have your positive thoughts with me through m any ups and downs over 

the past few years. Claire, Gavin, William, Lea, M ark and Sophie, thanks for all the smiles 

during every visit. Ross, I couldn’t have gotten through this w ithout your patience, support 

and understanding. I appreciate th a t i t ’s not easy to  know how to  be there for me bu t thank 

you for always trying. It has m eant so much.

I ’ve always said th a t sport keeps me sane, so I strive for a balance between working 

hard in the lab and at the gym. Luckily I ’ve been able to  share my enthusiasm  in triath lon 

with the M ettleworks team ; a wonderful group of people who share a m utual passion for 

suffering. Thanks for taking me in and making me one of your own.

I ’d like to  thank  my com m ittee members who helped to  guide me through this degree: 

Dr. Jaynie Yang, Dr. R ichard Stein, Dr. Keir Pearson, and Dr. A rthur Prochazka. I 

appreciate all of the helpful advice on the direction of the project as well as the process

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



th a t led to its completion. T hank you Dr. Ronald Triolo for coming up from Case W estern 

Reserve University to  serve as the external reviewer for my PhD  defense. Thanks also to 

Dr. Monica Gorassini, for always having an open door and a few m inutes to  chat; Maisie 

Goh, for making things happen when it really m attered; and Dr. Rob Burrell, for providing 

me with support throughout the later stages of my degree.

None of my work would have been possible w ithout the  dedicated staff a t Health Science 

Laboratory Animal Services (HSLAS). Thank you Di, for showering the animals w ith all 

of your atten tion  and affection; and the veterinarians, Greg and R ichard for always being 

ready to lend a hand and for providing top quality care on every occasion.

Getting through the tough experiments would never have been possible if it weren’t 

for my fellow M ushahwar lab “inm ates” . There were countless times when someone would 

step up to  the plate for me so th a t I could get some reprieve from the daily tasks. Jon, 

thanks for always being equally willing to  talk about science or to  go for a run to leave 

the lab behind. You played a big role in getting me to  where I am  now. Sherif, you 

absolutely leave me in awe. I ’ve never met anyone who works so hard  while balancing 

his strong com m itm ent to  his family and his faith. I will miss our conversations. Roger, 

thanks for pu tting  up with my sistering but I really am  so impressed w ith how much you’ve 

accomplished. Andrew, I always looked forward to  finding a smiling face in R TF (GO Sens 

GO!). Jason, I really enjoyed our mornings in the gym even though it means th a t you’ll 

crush me on the race course this season! Leandro, I admire you for always being so calm 

in the face of any turm oil. Thanks to  Daniel, for pu tting  up w ith having to  explain spin 

echoes a million times; Jeremy, for pulling wise cracks out of nowhere and for being the 

go-to muscle guy; Bret, for speaking your mind and playing it straight, bu t still not taking 

yourself too seriously; and Jan , for great artwork and for spicing life up w ith some Polish 

humour. Bernice, thanks for a zillion little reasons. You pulled through when I needed you 

even though it was often above and beyond what could have been expected from an honours 

student. Enid, I hope you know how much your friendship has m eant to  me. On bad days 

it gave me comfort to  know th a t you would be there if I needed you. T hank you so much 

every little thing, you’re the greatest. And finally, Vivian, for teaching me so much more

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



than  ju st the science. Thank you for giving me the knowledge to  form an opinion as well 

as the strength  to  sta te  my mind. Our work has never been easy bu t you never stopped 

believing in the project and the fact th a t I could to do it.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Contents

1 Introduction 1

1.1 Neural Control of Movement ......................................................................................  2

1.1.1 C entral P a tte rn  G e n e ra to r s ............................................................................  3

1.1.2 Movement P rim itiv es.........................................................................................  4

1.1.3 Equilibrium  Point C o n tro l...............................................................................  5

1.1.4 Feedback C o n tro l ................................................................................................  6

1.1.5 Feed-forward C o n tro l..................................   8

1.2 A General Overview of R ehabilitation after S C I .....................................................  9

1.2.1 N europrotection ................................................................................................  10

1.2.2 R e g e n e ra t io n .......................................................................................................  10

1.2.3 Training Paradigm s and Pharmacological Treatm ents ......................... 11

1.2.4 Functional Electrical S tim u la tio n .................................................................. 11

1.3 D issertation Summary and O v erv iew ........................................................................  1 2

1.4 Bibliography ..................................................................................................................... 14

2 Tapping into th e  Spinal Cord for R estoring Function A fter Spinal Cord 

Injury 25

2.1 General Introduction to  FES ......................................................................................  26

2.1.1 Surface and Im plantable FES E lec tro d es....................................................  27

2.2 Standing and Walking Systems Using F E S ..............................................................  29

2.2.1 FES Systems for Restoring S ta n d in g ...........................................................  29

2.2.2 FES Systems for Restoring S te p p in g ...........................................................  30

2.3 Intraspinal M icrostim ulation.........................................................................................  32

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2.3.1 Historical Summary of the Use of I S M S ..................................................  32

2.3.2 Use of ISMS for Inducing Functional Movements of the Limbs . . . .  33

2.4 Requirem ents for Clinical Im plem entation of I S M S ............................................ 47

2.4.1 C urrent Techniques for I S M S .......................................................................  47

2.4.2 Design Specifications for a Clinical ISMS S y s te m .................................. 49

2.5 Future D ire c tio n s .............................................................................................................  54

2.6 Conclusion ....................................................................................................................... 55

2.7 Bibliography ...................................................................................................................  55

3 Strategies for G enerating Prolonged Functional Standing U sing  Intra­

muscular Stim ulation or Intraspinal M icrostim ulation 69

3.1 In tro d u c tio n ......................................................................................................................  69

3.2 M e th o d s .............................................................................................................................. 71

3.2.1 Intram uscular Electrode Im p la n ta t io n ......................................................  71

3.2.2 Intraspinal M icrostimulation Array Im p la n ta t io n .................................. 72

3.2.3 Experim ental S e t u p ........................................................................................  73

3.2.4 Controller D esig n ...............................................................................................  74

3.2.5 D ata Acquisition and A n a ly s i s ....................................................................  77

3.3 R e su lts .................................................................................................................................  79

3.3.1 Initial Open-loop Control T ria ls ....................................................................  79

3.3.2 Intram uscular Stim ulation vs. Intraspinal M ic ro s tim u la tio n   80

3.3.3 Open-loop vs. Closed-loop C o n tro l .............................................................  87

3.4 D iscu ssio n ..........................................................................................................................  89

3.4.1 Stim ulation P a rad ig m s.....................................................................................  89

3.4.2 Control S t r a t e g ie s ............................................................................................ 92

3.4.3 Concluding R e m a rk s ......................................................................................... 96

3.5 Bibliography .................................................................................................................... 96

4 L ocom otor-R elated N etworks in the Lumbosacral Enlargem ent o f the  

A dult Spinal Cat: A ctivation through Intraspinal M icrostim ulation 101

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.1 In tro d u c tio n ......................................................................................................................  101

4.2 M e th o d s .............................................................................................................................  103

4.2.1 Experim ental S e t u p .........................................................................................  103

4.2.2 Intraspinal M icrostimulation P r o t o c o l .......................................................  103

4.2.3 D ata  Acquisition and A n a ly s i s .....................................................................  104

4.2.4 Determ ining Location of Microwire Sites in the Spinal C o r d ............... 105

4.3 R esu lts ................................................................................................................................. 105

4.3.1 G eneration of Hindlimb A lternation by Threshold Level Tonic Stim ­

ulation ....................................................................................................................  105

4.3.2 Effect of Afferent Input on the R hythm  Elicited by I S M S ..................  109

4.4 D iscu ssio n ..........................................................................................................................  110

4.5 Proposed Mechanisms of Action of Intraspinal M icrostim ulation ....................  I l l

4.6 Conclusion ....................................................................................................................... 113

4.7 Bibliography ...................................................................................................................  114

5 A Physiologically-based Controller for G enerating O verground Loco­

m otion using Functional E lectrical Stim ulation 118

5.1 In tro d u c tio n ....................................................................................................................... 118

5.2 M e th o d s .............................................................................................................................. 120

5.2.1 Animal P reparation  and Intram uscular Electrode Im plantation . . . 120

5.2.2 Experim ental Setup and D ata  A c q u is itio n .................................................  1 2 1

5.2.3 Intram uscular Stim ulation Protocol ...........................................................  122

5.2.4 The Control S y s te m ..........................................................................................  123

5.2.5 D ata  A n a ly sis ........................................................................................................ 128

5.3 R e su lts .................................................................................................................................  129

5.3.1 Intrinsically-tim ed CPG C o n tro lle r ...............................................................  130

5.3.2 Sensory-driven S tate C o n tro lle r ......................................................................  134

5.3.3 Combined C o n tro lle r ..........................................................................................  136

5.4 D iscu ssio n ........................................................................................................................... 136

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



5.4.1 Controller S tructure and Behaviour ............................................................ 137

5.4.2 Param eter S e le c t io n ..........................................................................................  141

5.4.3 Clinical Im p lica tio n s ..........................................................................................  143

5.4.4 Concluding C o m m en ts ....................................................................................... 146

5.5 Bibliography ..................................................................................................................... 146

6 General D iscussion 153

6.1 D iscu ssio n ............................................................................................................................ 153

6 .2  Future D ire c tio n s .............................................................................................................  158

6 .2 .1  C ritical Evaluation prior to  Clinical Im p le m e n ta tio n .............................  158

6.3 Concluding C o m m e n ts ....................................................................................................  159

6.4 Bibliography ..................................................................................................................... 160

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



List of Figures

2.1 D istribution of m otoneuron pools in the lumbosacral enlargem ent................... 35

2.2 C artoon illustration of the ISMS im plant..................................................................  36

2.3 Histological evaluation of spinal cord tissue around a microwire im planted for 6

m onths...................................................................................................................................  39

2.4 Microwire resistances and m otor thresholds measured periodically throughout a

6  m onth ISMS im plant in a cat with spinal cord injury........................................  41

2.5 M otor responses evoked by stim ulation applied through single microwires. . . .  42

2.6 Comparison of standing generated using intram uscular stim ulation and ISMS. . 43

2.7 Microwire tip  locations within the lumbosacral spinal cord of ca ts ................... 45

2.8 In-place stepping evoked using phasic ISMS............................................................. 46

2.9 Im plantation and fixation of the ISMS microwires.................................................  48

2.10 M agnetic resonance image (MRI) of the spinal cord of a ca t..............................  49

2.11 MRI of ex-vivo spinal tissue with an im planted ISMS a r r a y . ............................ 50

2.12 A lternative designs for ISMS electrodes.....................................................................  52

3.1 Experim ental set-up and m ethods...............................................................................  74

3.2 Ground reaction forces during open-loop control....................................................  80

3.3 Open-loop control of IM-S and ISMS..........................................................................  81

3.4 Closed-loop control of IM-S............................................................................................ 84

3.5 Closed-loop control of ISMS........................................................................................... 85

3.6 Ground reaction forces..................................................................................................... 8 6

3.7 Summ ary of resu lts...........................................................................................................  8 8

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.1 ISMS microwire im plant.........................................................................................................  106

4.2 Stepping-like movements induced by tonic ISMS in the absence of other stimuli. 108

4.3 Phase relationships between ipsilateral and contralateral flexor and extensor

muscles......................................................................................................................................... 109

4.4 M odulation of ISM S-generated stepping by afferent in p u t.......................................... 110

5.1 Experim ental setup ..................................................................................................................  1 2 2

5.2 Controller design and operation...........................................................................................  125

5.3 Summary of all a ttem pted  tria ls ..........................................................................................  131

5.4 Intrinsically-tim ed control......................................................................................................  133

5.5 Sensory-driven control.............................................................................................................  135

5.6 Combined control......................................................................................................................  137

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



List of Abbreviations

Abbreviation Definition

2D two dimensional
3D three dimensional
AdM adductor medialis
AFO ankle, foot orthosis
ALN adaptive logic networks
ALS amyotrophic lateral sclerosis
BDNF brain-derived neurotrophic factor
BCI brain computer interface
B IO N ™ BlOnic Neurons
BFa biceps femoris anterior
BFp biceps femoris posterior
%BW percent body weight
CF caudofemoralis posterior
CL closed-loop
CNS central nervous system
CPG central pattern generator
CWRU/VA Case Western Reserve University /  Veterans Affairs
Cx cervical segment number x
EDL extensor digitorum longus
EMG electromyography
ENG electroneurography
ETHZ Eidgenossische Technische Hochschule Zurich
FES functional electrical stimulation
FDL flexor digitorum longus
FHL flexor hallicus longus
FINE flat interface nerve electrode
FSR force sensing resistor
i.v. intravenous
G L  (o r L G ) la te ra l  g a s tro c n e m iu s
GlutMax gluteus maximum
GlutMed gluteus medialis
GRF ground reaction force
GUI graphical user interface
ISMS intraspinal microstimulation
IM intramuscular

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Abbreviation Definition

IM-S intramuscular stimulation
KAFO knee, ankle, foot orthosis
LARSI lumbar anterior root stimulation implant
L-DOPA L-3,4-dihydroxyphenylalanine
LED light emitting diode
LIFE longitudinal intra-fascicular electrode
LG (or GL) lateral gastrocnemius
Lx lumbar segment number x
MG medial gastrocnemius
MRI magnetic resonance imaging
M TP metatarsasophalangeal
MU motor unit
NMDA N-methyl-D-aspartic acid
NT-3 neurotrophin 3
OL-h open-loop high
OL-1 open-loop low
PID proportional/intergral/derivative
RF restus femoris
RGO reciprocating gait orthosis
ROM range of motion
SEM standard error of the mean
SRTa sartorius anterior
SRTm sartorius medialis
SCI spinal cord injury
SMp semimembranosus anterior
ST semitendinosus
Sx sacral segment number x
TA tibialis anterior
TP tibialis posterior
Tx thoracic segment number x
VI vastus intermedius
VL vastus lateralis

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1

C hapter 1

Introduction

“In a single rash m om ent o f impatience and stupidity, I  had completely ruined m y life, 

and m y fa m ily ’s life. I  was going to be a burden to everyone, completely dependent on

other people fo r  the rest o f m y days. ”

- Julie Hill, person w ith paraplegia (Hill, 2000)

In 1990, a t the  age of 28, Julie Hill broke her back in a devastating car crash leaving 

her w ithout control of her lower body. The wife and working m other of two young children 

was forced to  face the fact th a t  her life had been irreversibly changed and th a t she would 

never be able to  enjoy the freedom th a t she had previously taken for granted. Julie was 

not alone in her misfortune. Every year more th an  11,000 Americans sustain spinal cord 

injuries (SCIs) w ith the m ajority of injuries occurring in young people like Julie (16-30 

years) who are in the prim e of their lives (Center, 2005).

These injuries have devastating consequences affecting not only the general health of 

the individual, b u t more fundam entally their independence and self-image. The leading 

causes of death  for people w ith chronic SCIs are bladder and respiratory infections (Kilgore 

et ah, 2001). B ut due to  advances in medical care, a young person w ith a spinal cord injury 

can expect to  live anywhere from 20 to  50 years post-injury depending on the level and 

severity of their injury. Advancements in treatm ent and rehabilitation, including restoring 

the ability to  stand  and step, can result in an improvement in the quality of life of these 

individuals.

Restoring locomotion after injury not only improves independence and self-image but
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CHAPTER 1. INTRODUCTION 2

also has the benefit of improving blood flow and bone density resulting in reduced hospi­

talization. A lthough the muscles and nerves below the level of the  lesion no longer receive 

descending control signals from the brain and other higher centers, they often remain intact 

and functional after SCI. Movement can be restored to  paralyzed muscles by replacing the 

descending signals w ith functional electrical stim ulation (FES) applied to  the peripheral or 

central nervous system.

The studies presented in this dissertation were conducted w ith the goal of developing 

FES techniques and control paradigm s for restoring standing and stepping after SCI. The 

approach taken was to  apply physiological principles of locomotion and to  tap  into the 

intrinsic s tructu ra l organization of the nervous system for the development of this system.

1.1 Neural Control of M ovement

In an in tact uninjured system, movement is generated through an interaction between the 

nervous system and the musculoskeletal system. M ultijoint movements pose a non-trivial 

control problem because the biomechanical system has m any degrees of freedom and requires 

complex control signals to  generate appropriate muscle activation patterns. W hile coordi­

nating the activation of agonists and antagonists around each of the joints the controller 

must com pensate for the variable contraction and relaxation times of different muscles, 

their individual non-linear length-tension properties and take into consideration any contri­

butions to  the muscle activation arising from stimulus-evoked reflexes. The relatively simple 

cyclical movements of the  limbs during walking are therefore the product of fine control of 

muscle activation throughout the cycle. The required activation p a tte rn  is also modified 

to compensate for the presence of external perturbations such as an obstacle blocking the 

trajectory  of the foot during swing or a change in grade of the support surface. Although 

there is no clear explanation regarding how the nervous system plans and executes precise 

movements, multiple theories suggest possible mechanisms for the natu ra l control of move­

ment. In the following sections I will discuss some of the theories th a t have been set forth 

to  explain how the neuromuscular systems solve this control problem.
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CHAPTER 1. INTRODUCTION 3

1.1.1 Central Pattern Generators

Thomas Graham  Brown (1911) first proposed th a t the ability to  generate stepping move­

ments is an innate characteristic of neural networks residing within the spinal cord, based 

on his dem onstration th a t rhythm ic stepping could be generated in spinal cats even in the 

absence of descending cortical control signals and afferent feedback. He described networks 

within the spinal cord generating alternating flexor and extensor activity  comprised of half­

centres. These spinal networks are now generally referred to  as central p a tte rn  generators 

(CPGs). T he key feature of a CPG is its ability to  generate stable and behaviourally ap­

propriate patterns of oscillatory ou tput even in the absence of descending input or sensory 

feedback (Grillner, 1981). There are many theoretical models used to  describe the struc­

ture of the locomotor CPG . These include the ring hypothesis (Shik and Orlovsky, 1976), 

the three-phasic generator (Gelfand et al., 1988) and the chain of unit burst generators 

(Grillner, 1981).

One of the more widely accepted models describes the CPG as consisting of two main 

components; a reciprocally coupled oscillator th a t generates the basic rhythm  and an output 

motor stage th a t shapes the rhythm  into spatiotem poral signals for the muscles involved in 

the action (Grillner, 1981; Orlovsky et al., 1999; Lafreniere-Roula and M cCrea, 2005). The 

only input required by the C PG  is some form of natural (i.e., supraspinal or sensory) or 

imposed excitation th a t initiates the pa tte rn  generation. This imposed excitation can be in 

the form of pharmacological agents such as L-DOPA (Jankowska et al., 1967b,a), clonidine 

(an q-2 adrenergic agonist) (Forssberg and Grillner, 1973), N-m ethyl-D -aspartic acid (a 

glutam ate NMDA receptor agonist) (Douglas et al., 1993; Chau et al., 2002) or serotonin 

(Feraboli-Lohnherr et al., 1999). Electrical stim ulation applied either to the spinal cord 

(Gerasimenko et al., 2003; Magnuson and Trinder, 1997) or to higher centres (Shik and 

Orlovsky, 1976) can activate locomotor networks in the spinal cord. Disorganized sensory 

information arising from muscle spindles subjected to tonic muscle vibration has also been 

shown to evoke alternation in prone subjects (Gurfinkel et al., 1998). Once the CPG 

is activated, supplem entary input arising from supraspinal systems or afferent receptors 

modulates the generated rhythm  and muscle activation patterns (Lafreniere-Roula and

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 1. INTRODUCTION 4

McCrea, 2005).

Brown’s idea of centrally generated stepping has been pursued extensively in organisms 

such as lam prey (Cohen and Wallen, 1980), ra ts (Kjaerulff and Kiehn, 1996), cats (Grillner 

and Rossignol, 1978) and prim ates (Fedirchuk et al., 1998). A lthough neural networks 

located in the spinal cord are likely to play an im portant role in the  generation of rhythm ic 

locomotion in m any lower organisms, there is no conclusive evidence dem onstrating the 

existence of a locomotor C PG  in prim ates and humans. However, studies dem onstrating 

rhythm ic alternation in m arm oset monkeys (Fedirchuk et al., 1998), hum an infants (Lamb 

and Yang, 2000) and people w ith incomplete SCI (Dietz et al., 1995; Calancie et al., 1994) 

suggest th a t the C PG  plays a role in prim ate locomotion, albeit less substantial th an  in 

non-primates.

1.1.2 M ovem ent Prim itives

Another theory regarding the role of the spinal cord in generating movements proposes tha t 

spinal neural networks code “movement primitives” th a t constitute the  building blocks for 

more complex behaviours (Saltiel et al., 2001; Mussa-Ivaldi e t al., 1994; Lemay et al., 

2001; Giszter et al., 1993; Lemay and Grill, 2004). A movement prim itive is defined as an 

indivisible element of m otor behaviour th a t generates a regulated and stable mechanical 

response (Giszter et al., 1993). Experim ents done in frogs (Saltiel et al., 2001; Mussa-Ivaldi 

et al., 1994; Lemay et al., 2001; Giszter et al., 1993) ra ts  (Tresch and Bizzi, 1999) and cats 

(Lemay and Grill, 2004) have supported the idea th a t networks w ithin the interm ediate 

region of the grey m atter of the spinal cord are responsible for generating a set of distinct 

movement primitives. These experiments were conducted by securing the limb of the animal 

and m easuring the force generated a t its endpoint while electrical stim ulation was applied 

to  the interm ediate spinal cord. For a single stim ulation site in the cord, the field generated 

by recording forces at different fixed limb positions sometimes converged to  an equilibrium 

point where joint torques summed to zero. Only a discrete num ber of typical force fields 

could be found regardless of where in the interm ediate grey m atte r the stim ulation was 

applied. Each of these force fields was considered a distinct movement primitive.
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Further studies indicated th a t by stim ulating multiple sites in the spinal cord new 

force fields could be generated which were a linear superposition of the fields generated 

by stim ulating each site individually (Mussa-Ivaldi et al., 1994; Tresch and Bizzi, 1999; 

Lemay et al., 2001). This supported the idea th a t all movements m ight be the  result of 

combinations of these basic spinally organized building blocks. The movement primitive 

theory has also been investigated in hum an studies where principle com ponent analysis has 

resulted in the isolation of 5 activation patterns th a t account for the  muscle activity seen 

during hum an locomotion (Patla, 1985; Ivanenko et al., 2004).

Although there is evidence to  support the movement prim itive theory, some researchers 

question the validity of the assum ption th a t these results are due to  a building block orga­

nization of neural networks. In one study the hindlimb muscles in cats were peripherally 

stim ulated and the limb was allowed to move freely to  its “equilibrium point” (Aoyagi et al., 

2004). Combinations of muscle activations resulted in movement vectors th a t correspond 

closely to  those seen through the stim ulation of spinal movement primitives, indicating 

th a t these primitives may be a result of muscle properties ra ther th an  im m utable spinal 

networks.

1.1.3 Equilibrium Point Control

For any given com bination of muscle activation levels the limb will reach a corresponding 

equilibrium point, or stable position in space, where the sum of all forces acting on the joints 

is zero. This observation has led to  the development of the equilibrium point control theory 

(Feldman et al., 1998). T he theory states th a t the brain  controls movements by planning 

the “virtual tra jec to ry” consisting of a gradual shift of the equilibrium point from an initial 

position to  the targe t endpoint (Polit and Bizzi, 1978). Every point along this virtual path  

will have a corresponding combination of muscle activations resulting in a net torque of zero 

at each joint (Hogan, 1985). For any point in time the actual limb position will be lagging 

behind the movement of the virtual trajectory  and therefore joint torques will always be 

present th a t will act toward moving the limb to  the equilibrium point. The actual limb 

movement will be influenced by external factors such as gravity and other perturbations so
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increasing limb stiffness through co-activation of antagonistic muscles will result in more 

accurate tracking. This theory has been used to  model single jo in t movements (Burgess 

et al., 1995) bu t cannot easily explain complex movements involving multiple joints. The 

planning of the v irtual tra jecto ry  also becomes difficult in the presence of an external field 

because a com plicated virtual trajectory  is required in order to  generate a movement along 

a straight path  (Gomi and Kawato, 1997).

1 .1 .4  F eed b ack  C on tro l

The specific contribution of sensory information to  the  control of movement has been a 

long debated topic. Sechenov (1865) even suggested th a t all actions are a  result of reflexes 

arising from sensory stimuli and th a t voluntary will does not exist. In the late nineteenth 

century, John Hughlings Jackson introduced the idea th a t m otor activity  could be classified 

over a range from most to  least autom atic behaviours (Hughlings Jackson, 1884). This 

classification corresponds w ith the idea th a t there is a hierarchical organization of the 

nervous system where autom atic (reflexive) responses are m ediated by lower centers such 

as the brainstem  and spinal cord and voluntary movements are controlled by higher centers 

in the brain. The advantage of such a hierarchical organization is th a t it releases cognitive 

centers from the control of background tasks (such as balance and core stability) th a t are 

involved in all movements. This means th a t a volitional task  like reaching can be controlled 

by cortical regions while brainstem  and spinal cord circuitry mediate vestibular and stretch 

reflexes th a t ensure th a t an upright posture is m aintained throughout the movement.

The question then  becomes: where does stepping fit into this hierarchical organization? 

In the early 1900s Sir Charles Sherrington suggested th a t stepping movements are gener­

ated by a chain of spinal cord m ediated reflex responses to  afferent feedback (Sherrington, 

1910). Sherrington observed th a t the phase transition from stance to  swing depended on 

the amount of extension a t the hip. More recent experiments conducted w ith spinalized 

cats stepping on a moving treadm ill belt indicated th a t phase transition  was prevented if 

the leg was blocked from reaching full extension a t the end of the stance phase (Grillner 

and Rossignol, 1978; Pearson et al., 1992). These observations, along w ith those made
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in cockroach, lobster and stick insect studies (Pearson and Duysens, 1976; Bassler, 1993; 

Clarac, 1982), led to  the development of a set of if-then  rules governing the transition  from 

stance to  swing in norm al walking (Prochazka, 1996). The if-then  rule listed below uses the 

state  of the ground reaction forces for each leg as well as the hip angle for the ipsilateral 

leg in order to  determ ine if a stance-to-swing phase transition  should occur.

IF  the ipsilateral hip is extended
A N D  the ipsilateral limb is unloaded
A N D  the contralateral limb is loaded
T H E N  initiate swing in the ipsilateral limb 
E L S E  prolong the stance phase

The key feature of this set of rules is th a t it prevents the occurrence of double swing 

where both  limbs are simultaneously unloaded. The force criterion ensures th a t one leg is 

always loaded throughout the gait cycle. McVea et al. (2005) also proposed th a t a threshold 

value of hip flexion regulated the swing-to-stance phase transition leading to  the develop­

ment of the following if-then  rule:

IF  the ipsilateral limb is flexed
T H E N  initiate stance in the ipsilateral limb

Special rules may also exist to  provide reactive responses to  perturbations in the gait 

cycle. For example, the stum ble reaction can be described by a simple set of if-then  s ta te­

ments.

IF  the leg is in the swing phase
A N D  an abrupt disruption occurs in the hip angle
T H E N  in itiate vertical flexion response

The feedback inform ation required to  follow these rules is provided by spindle afferents 

sensing muscle stretch  and Golgi tendon organs sensing muscle force. Tendon organs have 

an additional role in providing positive force feedback during stance which results in a 

prolongation of the phase duration and reinforcement of extensor activity while the leg 

is loaded (W helan et al., 1995; Pearson et al., 1998). The role of proprioceptive feedback
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becomes apparent in individuals with large fibre sensory neuropathies. These people require 

intense concentration and visual feedback to walk and perform other directed movements.

Alternatively, voluntary movements may be initiated by the 7 -m otoneuron system (Mars- 

den et al., 1972; Eldred et al., 1953). All movements would then  be a form of continuous 

stretch reflex response resulting from the activation of 7 -m otoneurons and corresponding 

spindle afferent firing. However, this theory is not consistent with the  fact th a t extrafusal 

muscle activation leads, ra ther th an  lags, spindle discharges (Vallbo, 1970).

1.1.5 Feed-forward Control

In contrast to  feedback control where sensory inform ation plays a critical role in generating 

movements, a feed-forward control system can generate movements using predeterm ined 

muscle activation patterns. Feed-forward models are based on the  ability of the nervous 

system to predict the expected outcome of a command, and provide an estim ate of the cur­

rent state  of the system even in the presence of noisy feedback signals or delays (Kuo, 2002; 

Wolpert and Miall, 1996). In th is control scheme, command signals are generated within 

the com putational centers th a t selectively activate the m otor units required to  produce the 

desired movements. There are various theories regarding the algorithm  used to  determine 

the appropriate muscle activation patterns for a given movement.

One theory is th a t the brain is constantly solving a complex problem  of inverse kinem at­

ics and dynamics where the desired joint torques and trajectories are used to  back compute 

the required muscle actions (Hollerbach and Flash, 1982). However, the biomechanical sys­

tem  has m any degrees of freedom. Generating continuous solutions to  such a complicated 

problem would use a great deal of the com putational power of the  higher centers, even to 

perform basic tasks.

Another feed-forward theory uses a neural look-up table to store joint torques for all 

possible limb configurations, velocities and accelerations (R aibert, 1978). This removes the 

need to  solve the inverse kinem atics and dynamics problem by allowing the controller to  look 

up and access the answer quickly. However, a simple limb model w ith two joint coordinates 

would require two tables w ith 1 0 0  entries each, and a more complete limb with seven-joint
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coordinates would require tables with 1 0 7 entries to  represent a full set of inverse solutions 

for the system (R aibert and Horn, 1978). This large memory requirem ent limits the use of 

such a theory when faced w ith explaining more complex movements involving additional 

joints.

W olpert and Miall (1996) proposed instead th a t the nervous system  can construct an 

internal model of the kinem atic and dynamic properties of the body as it interacts with 

the environment. This allows the controller to incorporate external fields into the initial 

determ ination of muscle activation. However, the formulation of an  internal model requires 

information about the success of its output. For example, from experience of repetitive 

movements in a dynam ic field. Once the field is removed the adap ta tion  of the system 

is evident by the  appearance of after-effects in the form of exaggerated movements in a 

direction opposing the formerly applied field (Shadmehr and Mussa-Ivaldi, 1994). The 

internal model can be used to  generate a set of predicted afferent signals th a t are then 

compared to  the  actual afferent information received during task  execution. In this way 

error correction can be initiated if the predicted and actual feedback signals differ.

Pure feed-forward control is only effective if the controller can precisely determ ine the 

muscle activation th a t corresponds to  a planned trajectory. This is not always possible 

during tasks performed in environments w ith changing conditions (such as w ithin a train  

undergoing accelerations and decelerations). A flow of inform ation describing the current 

state of the limb provides the controller w ith a means to  generate appropriate control signals 

and m aintain the desired m otor output.

1.2 A General Overview of R ehabilitation after SCI

Multiple factors m ust be taken into consideration when designing a trea tm ent strategy for 

a person w ith SCI. These factors include the time progression of injury (acute or chronic), 

the spinal cord segment affected (cervical, thoracic, lum bar or sacral) and the severity of 

the injury (incomplete or complete). The treatm ent selected can have a critical im pact on 

the functional recovery of the individual, particularly during the acute phase of SCI.
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1.2.1 Neuroprotection

Spinal cord injury is characterized by an interruption in the connections between the cor­

tical control centers generating voluntary commands and the muscles generating the motor 

output. This interruption is the summed effect of the initial traum a as well as a chain of 

“secondary injury” processes initiated by the body’s physiological response to  the injury. 

The initial injury can be the result of an im pact (with or w ithout persistent compression), 

the application of sheering or stretching forces or a laceration/transection of the cord (Du­

mont et al., 2001). Im m ediate traction of the injury site can prevent further mechanical 

traum a to the  spinal tissue. The traum a tends to  affect predom inantly the grey m atter of 

the spinal cord due to  its high vascularization, whereas the  damage inflicted to  the white 

m atter is progressive. The secondary injury processes following SCI may not stabilize until 

more th an  72 hours after the initial injury. For this reason neuroprotective therapies are 

critical during the acute phase of SCI. Some studies suggest th a t a dose of methylpred- 

nisolone (a corticosteroid) w ithin 8  hours of the initial injury reduces the  inflammatory 

response, thereby acting as a neuroprotector and improving the neurological outcome (Mc­

Donald and Sadowsky, 2002). However, its benefits have been widely debated (Geisler 

et al., 2002; M cDonald and Sadowsky, 2002). Surgical exposure of the spinal cord can also 

be performed in the acute phase of SCI in cases where there is persistent compression of 

the cord or bone fragments w ithin the lesion site.

1.2.2 Regeneration

The optim al trea tm ent for SCI would be to repair the damage to the spinal cord and restore 

functional descending and ascending connections between the brain  and the rest of the body. 

Although it is possible to  regenerate peripheral nervous tissue, the central nervous system 

(CNS) does not provide an environment conducive to  axon growth. Factors such as the 

existence of mechanical barriers (i.e., scar), lack of neurotrophic support and the presence 

of inhibitory molecules hinder regeneration in the CNS.

Although m any efforts have been made to  facilitate regeneration w ithin the central 

nervous system, no consistently effective m ethod has been found. Techniques have included

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 1. INTRODUCTION 11

the use of peripheral nerve grafts (David and Aguayo, 1981), Schwann cells (Paino and 

Bunge, 1991), olfactory ensheathing glial cells (Ramon-Cueto et al., 1998) or stem  cells 

(Stokes and Reier, 1992; McDonald et al., 1999) to  fill the lesion site and prom ote axon 

growth. O ther studies have attem pted  to improve the growth environm ent by applying 

neurotrophic factors such as BDNF and NT-3 (Kobayashi et al., 1997; Schnell et al., 1994) 

or by neutralizing m ajor inhibitory molecules (such as Nogo-A) (Bregman et al., 1995). 

Many studies report axonal growth and /o r functional recovery in ra ts  bu t the evaluation 

techniques are not always appropriate or extensive enough to dem onstrate regeneration 

conclusively (Fouad and Pearson, 2004). Hum an trials using regeneration techniques in the 

CNS show mixed results and are not yet considered to  be safe (Dobkin et al., 2006).

1.2.3 Training Paradigms and Pharm acological Treatm ents

People w ith SCI can benefit from active rehabilitation techniques such as partia l body 

weight support treadm ill training (see Harkema (2001) for a review). This technique works 

to improve balance, weight bearing, and step coordination while progressively removing 

body support over the duration  of the training regime (Wernig and Muller, 1992). Treadmill 

training is particularly  beneficial for people with incomplete injuries where the effects can 

persist for m onths or years after completion of the training (Wirz et al., 2001). A ttem pts 

to further improve the functional outcome of treadm ill training through the adm inistration 

of phamacological agents (such as the a-2 adrenergic agonist, clonidine) have shown only 

m oderate success (Remy-Neris et al., 1999; Barbeau and Norman, 2003; Dietz et al., 1995).

1.2.4 Functional Electrical Stim ulation

Spinal cord injury affects not only the descending trac ts  carrying control signals, bu t also 

the cell bodies of m otoneurons within the site of the injury. In  order to  be a candidate 

for FES treatm ent, an individual must have intact m otoneurons innervating the muscles 

involved in the desired function. This requirement is due to  the fact th a t nerve stim ulation 

can activate m otor units within muscles at much lower stim ulation levels th an  th a t required 

to activate muscle tissue directly. A general introduction to  FES can be found in section

2.1
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Regular application of FES reduces the conversion of muscle fibres from type I (fa­

tigue resistant) to  type II (fast fatigable) th a t occurs through disuse after SCI (Burnham  

et al., 1997). People who dem onstrate improved muscle strength  during two months of 

FES conditioning exercises are possible candidates for long-term FES trea tm ent (Kralj and 

Bajd, 2000). There currently exist a wide variety of neuroprosthetic devices th a t imple­

ment FES to  restore upper (Prochazka et al., 1997; Peckham et al., 2002) and lower limb 

function (Weber et al., 2005; Graupe and Kohn, 1998; Popovic et al., 2001) after SCI. A 

detailed discussion of FES systems for standing and stepping as well as the advantages and 

limitations of using these systems will be provided in section 2 .2 .

There has been success using FES in combination w ith other therapies in order to 

achieve functional outcomes superior to  either m ethod used independently. For example, 

the addition of FES to a standard  treadm ill training program  improves the outcome of 

training, possibly by strengthening the connections made by residual descending input 

(Field-Fote, 2001; Ladouceur and Barbeau, 2000). Functional electrical stim ulation has 

also been used in conjunction with special orthotic braces in order to  provide functional 

standing and stepping (see section 2 .2 ).

1.3 D issertation  Summary and Overview

Developing a system  for restoring mobility is a m ultifaceted task including the interrelated 

design of a suitable controller and the selection of an appropriate means of generating limb 

movement. This dissertation addresses these two main components of the  system 1) by 

evaluating the use of different modes of FES as a means of generating functional movements 

in paralyzed limbs and 2 ) by designing feedforward- and feedback-based controllers for 

generating movements appropriate for standing and stepping. An overview is provided in 

section 2 .2  of some of the current systems available for this purpose.

The approach taken in the work presented here was to  base the design of the FES system 

on normal physiology. This was achieved through studies th a t were designed to  evaluate 

the use of centrally applied FES and control strategies based on some of the physiological 

principles described previously (section 1 .1 ). A cat model of spinal cord injury was used
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throughout these studies.

Functional electrical stim ulation can activate the nervous system  through peripheral or 

central adm inistration. Peripheral stim ulation of nerve an d /o r muscle can be achieved by 

using surface or im planted electrodes placed close to  the intended target. Existing FES 

systems commonly use peripheral stim ulation techniques th a t result in non-physiological 

muscle activation profiles and force recruitm ent. Some of these m ethods are discussed 

briefly in section 2.1. Muscles can also be activated centrally by activating the corresponding 

motoneurons w ithin the spinal cord in a more physiological m anner through a technique 

called intraspinal m icrostim ulation (ISMS). This technique is described in detail in section 

2.3. Briefly, ISMS involves applying stim ulation through fine microwires placed within the 

grey m atter of the lumbosacral enlargement where the m otoneuronal pools for the muscles 

of the lower limbs reside. At this point ISMS remains an experim ental technique. Several 

aspects need to  be investigated before ISMS can be applied to  hum ans in intra-operative and 

clinical trials. The studies presented in this dissertation represent a significant step towards 

this goal. Previously the efficacy of ISMS had only been evaluated in acute experiments 

(with or w ithout SCI) (M ushahwar and Horch, 1998; Saigal et al., 2004) and chronically in 

animals w ith in tact spinal cords (Mushahwar et al., 2000). The results of the preliminary 

chronic stability study presented in section 2.3.2 indicated th a t ISMS responses remain 

stable after SCI, suggesting th a t it is a valid technique to  pursue for restoring standing and 

stepping.

The first hurdle in restoring mobility is maintenance of an upright posture. For this 

reason a study was conducted to  evaluate the ability of ISMS to achieve prolonged load- 

bearing standing (chapter 3). Intraspinal microstimulation was com pared to  intram uscular 

(IM) stim ulation, where current was applied peripherally through pairs of wires im planted 

into the muscle bulk, activating nerve branches near their term ination. Open- and closed- 

loop controllers were also tested for bo th  stim ulation paradigm s, and evaluated based on 

the duration and stability  of stepping achieved, as well as the current required to  m aintain 

an appropriate standing posture.

In the standing study (described above), continuous trains of stim ulation pulses applied
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through ISMS wires a t am plitudes greater th an  m otor threshold were shown to generate 

movements appropriate for standing. However, we also found th a t sub-threshold level stim ­

ulation applied through electrodes placed in more ventromedial regions of the grey m atter 

could evoke alternating  movements of the hindlimbs in cats w ith SCI (chapter 4). Tonic 

application of ISMS may activate directly or indirectly the locomotor C PG  neural circuitry 

within the spinal cord of the cat. However the in-place stepping achieved using this tonic 

stim ulation protocol was characterized by low levels of weight-bearing and propulsive forces.

Finally, load-bearing overground locomotion was generated through the use of physiologically- 

based control algorithm s in conjunction with IM stim ulation. In addition to  the role of the 

CPG, a set of if-then  rules may govern how sensory feedback m ediates gait phase transitions 

(see section 1.1.4). Two control strategies (CPG and sensory rules) were implemented using 

FES in order to  generate overground locomotion (chapter 5).

C hapter 6 provides a general discussion of the results obtained from the studies and the 

progress made towards the understanding of the physiological principles governing mobility.

I evaluate the dem onstrated capability of the ISMS and IM stim ulation techniques to  achieve 

the functional goals required for this system. Also, I discuss some future work th a t is 

required to  bring the ISMS technique to  clinical realization.

The goal of this dissertation was to  develop FES techniques and control paradigms 

for restoring standing and stepping after SCI by applying knowledge of the physiological 

system. Physiological control principles (discussed in section 1.1) and ISMS were applied 

to tap  into some of the organizational properties of the nervous system. In the process 

of doing this we also explored the structure of the locomotor CPG in the spinal cord and 

inferred the role of sensory- and intrinsically-timed phase transitions during gait.
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C hapter 2

Tapping into the Spinal Cord for 
Restoring Function After Spinal 
Cord Injury *

“Our way is not soft grass, i t ’s a mountain path with lots o f rocks.

B u t it goes upward, forward, toward the sun. ”

- R uth  W estheimer

Living organisms are intricate systems having thousands of ongoing processes interacting 

to  m aintain even the  m ost basic life functions (i.e., energy production and protein synthe­

sis). As the behavioral requirem ents of the organism increase, the complexity of the nervous 

system m ust also increase in order to  initiate and coordinate a large variety of movements. 

For example, the  mollusc Clione, which has been studied extensively, has approxim ately 

5,000 neurons organized in 5 pairs of central ganglia. All the  functional requirem ents of the 

Clione can be regulated by this small nervous system and electrical stim ulation applied to  

specific groups of neurons can evoke stereotypical responses. A lthough hum ans possess a 

much larger repertoire of movements and therefore have significantly more complex nervous 

systems, levels of functional stereotypical organization rem ain w ithin the central (brain and 

spinal cord) and peripheral nervous systems. Knowledge of the neural mechanisms under­

lying norm al movements is an invaluable asset when designing a neuroprosthetic device

*A version  of th is  c h ap te r  h as been su b m itte d  for p u b lica tion . I t  is rep ro d u ced  here  w ith  perm ission. 
Neural Enqineerinq: Research, Industry and the Clinical Perspective, ed itied  by  D iL orenzio D. a n d  B ronzino 
D., C R C  Press, 2007
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because it enables one to  tap  into the neural circuitry residing at different levels in order 

to influence downstream  events.

After spinal cord injury the direct connection between the  bra in  and periphery is sev­

ered, preventing voluntary control of the muscles below the level of the injury. However, 

the motoneurons below the lesion often remain viable enabling muscle contractions to be 

evoked through functional electrical stim ulation (FES) applied to  the in tact nerves. Func­

tional electrical stim ulation has achieved a broad range of applications in the field of neural 

prostheses, where it is used as an interface w ith the nervous system  in order to  restore 

function to  muscles and organs after disease or injury.

In this chapter we will provide a brief introduction to  FES and existing systems for 

restoring standing and stepping after spinal cord injury. We will then  focus on a technique 

called intraspinal m icrostim ulation (ISMS) in which electrical stim ulation is applied to  the 

spinal cord below the level of the injury in order to activate the neural circuitry normally 

involved in the control of the lower limbs. By tapping into the nervous system at the 

level of the spinal cord, we are able to  generate movements with some features th a t are 

consistent w ith those seen in in tact individuals. An overview of the work currently under­

way with ISMS will be provided along w ith specifications required for the  future clinical 

im plementation of the system.

2.1 General Introduction to FES

As far back as 2000 BC the Egyptians used electric fish to  trea t paralysis; their electric 

discharge activates muscles (Kellaway, 1946). A lbert Hym an (1930) experim ented w ith the 

use of electrical stim ulation as a resuscitative technique after cardiac arrest, well before 

Hodgkin and Huxley (1952) formulated their model of action potential propagation down 

an axon. Further work on the cardiac system resulted in the development of the cardiac 

pacemaker (Zoll, 1952; Zoll and Linenthal, 1963) which has become one of the most well 

known electrical stim ulation devices in clinical use today.

Liberson et al. (1961) developed w hat is credited to  be the  first clinically-deployed 

device th a t stim ulates electrically nerves and muscles and restore function to  a lower limb.
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Their “functional electrotherapy” technique was used to  correct footdrop in individuals with 

hemiparesis. A foot switch detected periods when the foot was off the  ground during which 

time stim ulation was applied through surface electrodes placed over the peroneal nerve. A 

year later the term  “functional electrical stim ulation” (FES) was coined by Moe and Post 

and gained wider acceptance than  Liberson’s “functional electrotherapy” (Moe and Post, 

1962).

2.1 .1  S u rface an d  Im p la n ta b le  F E S E lec tro d es

Various techniques may be used to  deliver functional electrical stim ulation to the nervous 

tissue. Perhaps the least invasive technique is surface stim ulation in which electrodes are 

placed on the surface of the skin over the target nerve or muscle. To function appropri­

ately these electrodes require accurate placement th a t often translates into a long donning 

procedure every tim e the system is utilized. This procedure may be acceptable in systems 

requiring the activation of a single superficial muscle (e.g., footdrop (Dai et al., 1996)). 

Surface stim ulation has other lim itations including the ability to  selectively stim ulate only 

superficial muscles. Moreover, movement of the skin over the m otor point of the muscle dur­

ing motion can prevent consistent activation (Popovic, 2004). Poorly adhered electrodes 

or electrodes th a t are too small can cause burn injuries a t high stim ulation amplitudes 

(Popovic, 2004). Surface stim ulation also has higher energy consum ption th an  implanted 

systems due to  the elevated current required when stim ulating through the skin.

An alternative to  surface stim ulation is the use of percutaneous electrodes (H anda et al., 

1989; Shim ada et al., 1996) th a t are inserted into the muscle using a hypodermic needle. 

However, in this case the connecting wires exit the skin a t the im plantation site, introducing 

a possible site of infection which requires continuous skin maintenance. The B IO N ™  uses a 

similar insertion technique bu t consists of a fully im plantable m iniature stim ulator enclosed 

completely in a small glass cylinder (Loeb et al., 2006). An external radio frequency coil 

placed over the im planted device is used to  power and control the B IO N ™ . O ther fully 

implanted electrodes include intram uscular, epimysial, nerve-cuff (Naples et al., 1990; Grill 

and M ortimer, 1996), and flat interface nerve electrodes (FINEs) (Tyler and D urand, 2002),
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as well as longitudinal intra-fascicular electrodes (LIFEs) (Yoshida and Horch, 1993b). 

Im planted neuroprostheses often use intram uscular and epimysial electrodes are used often 

in im planted neuroprostheses where muscle specificity is desired (Sharm a et al., 1998). 

Intram uscular electrodes consist of wires penetrating into the muscle (e.g., percutaneous 

electrodes), whereas, epimysial electrodes consist of fiat meshes or disks th a t can be stitched 

to  the muscle surface near the  m otor point (Grandjean and M ortimer, 1986). Cuff electrodes 

are designed to  encircle the target nerve and can be constructed in mono-, bi- or tri-polar 

configurations. Given th a t most m ajor nerve trunks are composed of groups of axons 

(fascicles) innervating various muscles, selective activation muscles w ith  nerve cuff electrodes 

is often difficult (Prochazka, 1993; Tai and Jiang, 1994; Grill and M ortimer, 1996). In 

order to  activate a single muscle the smallest branch of the nerve m ust be stim ulated 

near the neuromuscular junction. W hile nerve cuffs can be im planted directly onto these 

nerve branches, they may result in nerve damage or mechanical failure if subjected to 

stresses and strains generated during muscle contractions (Naples et al., 1990). In order to 

achieve selective muscle activation with cuff electrodes im planted around proximal nerve 

trunks, cuffs w ith m ultiple stim ulation sites distributed around the  interior surface have 

been designed. By steering current between the m ultiple active sites selective fascicles 

can be activated w ithin the nerve to  discrim inate between the  activation of various muscles 

(Grill and M ortim er, 1996; V eraart et al., 1993). Alternatively, FINEs can be used where the 

nerve is reshaped into a flat configuration to  separate the fascicles (Tyler and D urand, 2002) 

and improve the selectivity of activation. The design of LIFEs provides muscle selectivity 

through the direct im plantation of fine microwires into specific nerve fascicles containing 

axons targeting  the desired muscles (Yoshida and Horch, 1993b).

O ther electrodes have been developed prim arily for single cell intracortical recordings. 

Electrode arrays such as the U tah and Michigan arrays have m ultiple electrodes mounted 

on a single silicon substrate. The U tah array is a 10 x 10 array of electrodes with ei­

ther a single length or a slanted depth configuration for recording from the cortex and 

stim ulating peripheral nerves, respectively (Nordhausen et al., 1996; B ranner et al., 2001). 

The Michigan array has a p lanar construction, with each probe having several active sites.
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Three dimensional arrays can be constructed from various configurations of these subunits 

(Hoogerwerf and Wise, 1994).

2.2 Standing and W alking System s U sing FES

People w ith spinal cord injury have many needs depending on the level and severity of the 

injury. The highest priority for people with quadriplegia is the restoration of arm  and hand 

function. Improved trunk  stability and restoration of bladder, bowel and sexual functions 

are ranked among the top priorities of people w ith quadriplegia and paraplegia, followed 

closely by the desire for restored stepping (Anderson, 2004). Various approaches have been 

taken in addressing these needs including the use of FES. In this section we review some 

of the main FES systems currently available for restoring standing and walking after spinal 

cord injury. The use of ISMS in achieving similar functions will be discussed in section 2.3.

In order to  generate standing and stepping movements a com bination of muscles must be 

activated in a coordinated fashion to  generate flexion and extension movements across the 

hip, knee and ankle joints of the legs. Several FES approaches may achieve th is including 

stim ulation applied through surface or im planted electrodes. These m ethods can be used 

alone or in conjunction w ith external braces across any, or all of the joints of the leg. No 

system is complete w ithout an  appropriate means of controlling the stim ulation. Therefore, 

a discussion of some of the control strategies currently in use or under development will be 

provided in the following section.

2.2 .1  F E S  S y s te m s  for R e sto r in g  S tan d in g

Standing systems m ust fulfill the functional requirem ents of generating consistent load 

bearing force in bo th  legs. One m ethod of achieving this is via knee, ankle, foot orthoses 

(KAFOs) to  m aintain the limb in an extended position. Alternatively, limb extension can 

be achieved through FES of the knee extensor muscles to  prevent knee buckling. This 

stim ulation can be provided through surface (Ewins et al., 1988; B ajd et al., 1999; Bijak 

et al., 2005) or im planted electrodes. An example of an im planted system for restoring 

standing is the CW RU/VA system (Davis et al., 2001). Eight channels of stim ulation are
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applied though surgically im planted epimysial and intram uscular electrodes targeting the 

gluteal muscles, semimembranosus, vastus lateralis and lum bar erector spinae. Standing is 

generated through open-loop application of continuous trains of FES to m aintain extension 

of the lower limbs. Feedback-based control algorithms have also been developed with sensor 

signals to  provide inform ation about the joint angles (Wood et al., 1998) or the load taken 

by the hands (Donaldson Nde and Yu, 1996; Riener and Fuhr, 1998) in order to  modify ap­

propriately the am plitude of stim ulation applied to the muscles during standing. Feedback 

control delays the onset of muscle fatigue by applying the minimal level and duration of 

stim ulation required to  m aintain functional standing.

2.2 .2  F E S  S y s te m s  for R esto r in g  S tep p in g

Stepping involves the  coordinated activation of flexor and extensor muscles in the lower 

extremities, w ith full weight-bearing obtained during the stance (extensor) phase and ample 

foot clearance during swing (flexor phase). Following spinal cord injury, external braces, 

such as KAFOs, and ankle-foot orthoses (AFOs) have been used alone (Merkel et al., 1984) 

or in conjunction w ith the application of FES (Andrews et al., 1989, 1988; Davis et al., 1999; 

Solomonow et al., 1989) to  restore stepping. A reciprocating gait orthosis (RGO) consisting 

of a set of hip, knee, ankle and foot braces has also been used to  provide mechanical coupling 

between the legs and m aintain them  in reciprocal phases during stepping in people with 

limited voluntary control. The use of RGOs in conjunction w ith FES provides further 

improvements in stepping (Solomonow et al., 1989; Stein et al., 2005).

The Parastep  and ETH Z-Paracare systems are examples of surface FES systems avail­

able clinically for restoring stepping (Graupe and Kohn, 1998; Popovic et al., 2001). Both 

systems use electrodes placed on the skin over the quadriceps, paraspinal (or gluteus) mus­

cles and common peroneal nerve to  generate knee extension, hip extension and full limb 

flexor reflex, respectively. The ETHZ-Paracare stepping system (Popovic et al., 2001) can 

be controlled w ith push-buttons for the initiation of swing, or alternatively through feed­

back signals obtained from foot-switches or gait detection sensors such as accelerometers or 

goniometers.
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A 16-channel version of the CW RU/VA standing system (discussed above) can be im­

planted targeting  extensor and flexor muscles to restore stepping and other leg exercise 

functions (Sharm a et al., 1998). Another more extensive im plant is the Praxis FES-22 

which consists of one epidural, 8 epineural, 10 cuff and 3 sacral root electrodes. Depending 

on which muscles are targeted  for stimulation, the im plant can perform  multiple functions 

including the generation of leg movements for exercise, standing or stepping. D istributed 

implant systems such as these have been relatively robust bu t require m ultiple surgical sites. 

Damage to  the electrodes and lead breakage induced by the movements of the legs during 

simulation may also occur.

Stim ulation applied in the  central nervous system provides benefits over peripheral stim ­

ulation due to  the ability to  achieve a localized im plant in a region of reduced movement. 

These benefits were the underlying drive for designing the lum bar anterior root stim ulation 

implant (LARSI) for restoring standing and stepping after spinal cord injury. In this im­

plant, stim ulation is applied to  the ventral roots exiting the spinal cord in order to  evoke 

lower limb movements (Donaldson et al., 2003). However, this technique has been limited 

by the fact th a t each individual anterior root contains many populations of m otoneuron 

axons innervating bo th  agonistic and antagonistic muscles at times generating inappropri­

ate movements. For example, stim ulation of a single ventral root evokes knee extension 

along w ith hip flexion resulting in movements th a t are inappropriate for upright standing 

or stepping. Therefore, the implant has found more success in generating leg movements 

for cycling.

Several strategies for controlling the am plitude and timing of the electrical stimuli to 

generate consistent stepping movements have been investigated. T he m ajority  of currently 

available FES systems employ the use of m anual push-buttons built in walkers and crutches 

to  initiate the swing phase of each step. Some systems use feedback control in which 

cyclic joint movements are tracked during the swing and stance phases of the stepping and 

stim ulation is continuously m odulated using proportional/in tegral/derivative (PID) control 

(Veltink, 1991), or neural networks (Abbas and Triolo, 1997). S tate control of stepping 

has also been deployed in systems th a t use artificial learning to  determ ine an appropriate
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set of sensor signals to  generate appropriately tim ed transitions between the swing and 

stance phases (Andrews et al., 1988; Popovic et al., 2003). Alternatively, fuzzy logic can 

determine gait events during stepping (Skelly and Chizeck, 2001). Popovic et al. (2003) 

evaluated control strategies for restoring stepping using FES. They found th a t autom atic 

control of ballistic walking has a lower metabolic cost th an  either autom atic control of 

slow walking or push-button activated control. However, the volunteers preferred the la tter 

forms due to  the ability to  coordinate upper and lower limb movements. These findings 

dem onstrate the im portance of developing an appropriate control scheme for FES systems.

2.3 Intraspinal M icrostim ulation

Intraspinal m icrostim ulation is a technique th a t uses fine microwires to  apply stim ulation 

within the ventral horn of the spinal cord below the level of the injury in order to  generate 

functional movements of the legs. The ISMS microwires are im planted in a compact and rel­

atively m otion free region of the cord; thus the im plant experiences minimal strain  during 

evoked limb movements. The target region for im plantation is the lumbosacral enlarge­

ment, which is 5 cm-long in humans and contains all the m otoneuron pools th a t innervate 

the muscles of the lower extrem ities as well as large proportions of stereotypical neuronal 

networks involved in the control of leg movements.

2.3 .1  H isto r ica l S u m m ary  o f  th e  U se  o f  ISM S

As early as the 1940s, Renshaw used penetration electrodes to stim ulate m otoneurons in 

the ventral grey m atte r of the spinal cord in order to  dem onstrate the tim e required for 

electrical excitation to  cross a synapse (Renshaw, 1940). Intraspinal m icrostim ulation has 

also been used for m any years as an electrophysiological technique to dem onstrate the reflex 

circuitry w ithin the cord (Jankowska and Roberts, 1972).

In the late 1960s, Nashold et al. (1971) explored ISMS in anim al experim ents as a means 

of restoring m icturition after spinal cord injury. A pair of 0.4 mm diam eter platinum -iridium  

wires w ith deinsulated conical tips was im planted into the spinal cord of cats and dogs, with 

and w ithout spinal transections. The electrode tips were placed in the interm edio-lateral
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column to target the m icturition centre in the sacral (S1-S3) spinal cord. S tarting in the 

early 1970s, 27 patients in various centres (USA, Prance, Sweden) were im planted with 

this spinal stim ulation system. The system achieved a 60% success ra te  for effective blad­

der voiding b u t the stim ulation was often associated with additional autonom ic and motor 

responses (Nashold et al., 1981). In addition, a sphincterectom y was commonly needed 

in male patients to  allow bladder voiding due to  an  inability to relax the external urethral 

sphincter using ISMS. Similar results have been more recently obtained during ISMS exper­

iments in chronically and acutely im planted cats (Grill et al., 1999; M cCreery et al., 2004; 

Tai et al., 2004) and rabbits (Pikov and McCreery, 2004), where high bladder pressures 

could be achieved, bu t often in conjunction w ith little relaxation of the bladder neck and 

sphincter resulting in incomplete voiding (Prochazka et al., 2003). In bo th  cases the tech­

nique was soon abandoned in favour of peripheral stim ulation approaches providing similar 

outcomes (see G aunt and Prochazka (2006) for a full review of current neuroprostheses for 

urinary bladder function). Although ISMS has not been efficient in restoring m icturition, 

it shows promising results as a means of restoring lower limb function after spinal cord 

injury (Pancrazio et al., 2006). In this case, we can tap  into the residing circuitry within 

the lumbosacral enlargem ent of the spinal cord and activate neuronal networks and pools 

of motoneurons innervating the muscles of the legs.

2 .3 .2  U se  o f  IS M S  for In d u cin g  F u n ction a l M o v em en ts  o f  th e  L im bs

Various forms of spinal cord stim ulation can activate the locomotor networks within the 

spinal cord to  investigate their organization. These include surface suction electrodes (Mag- 

nuson and Trinder, 1997; Vogelstein et al., 2006) in in vitro preparations and epidural elec­

trodes in vivo in rats, cats and humans (Dimitrijevic et al., 1998; Herm an et al., 2002; 

Gerasimenko et al., 2003; Minassian et al., 2004).

Intraspinal m icrostim ulation has been used in frogs, ra ts  and cats to  investigate the 

presence of “movement primitives” in the spinal cord (Bizzi et al., 1991; Giszter et al., 

1993; Tresch and Bizzi, 1999; Saltiel et al., 2001; Lemay and Grill, 2004). The concept of 

movement primitives refers to  the hypothesized existence of a lim ited num ber of immutable
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neuronal networks th a t generate distinct movements of the limbs and comprise the building 

blocks for all movements. However, a comparison of ISMS and peripheral FES responses 

indicate th a t these results may be attribu tab le to  the mechanical properties of the muscu­

loskeletal system ra ther th an  a m odular organization a t the spinal cord level (Stein et al., 

2002; Aoyagi et al., 2004).

Over the past decade we have been developing the use of ISMS as a neuroprosthetic 

approach for restoring standing and stepping after spinal cord injury. Most of the develop­

ment to  date has been performed in animal models (prim arily cats) w ith plans to  conduct 

intraoperative investigations of ISMS in hum an volunteers w ithin the next 5 years. Cats 

have been the anim al model of choice due to  the size of their spinal cord relative to  tha t 

of humans. The lumbosacral enlargement in humans is approxim ately 5 cm long and can 

be accessed by removing the T12 spinal process whereas in cats this region spans 3 cm and 

can be accessed by removing the L5 spinal process.

The ISM S im plant

The ventral horn of the grey m atter in the lumbosacral enlargement contains the cell bodies 

of all the m otoneurons innervating the muscles of the legs. These cells are organized within 

the cord into pools of motoneurons w ith each pool innervating a single muscle. The relative 

locations of the m otoneuron pools innervating specific muscles of the leg have been studied 

extensively in cats and have a consistent spatial organization within the cord (Vanderhorst 

and Holstege, 1997; M ushahwar and Horch, 2000b) (see figure 2.1). This m ap is preserved 

across species, including hum ans (Sharrard, 1953). Stim ulation applied through a single 

microwire (<  300 pA) can directly or indirectly excite the m otoneurons in these pools and 

generate contractions in the muscles they innervate. Electrical stim ulation applied through 

individual electrodes targeting the ventral horn of the grey m atter can generate single joint 

movements as well as whole limb flexion or extension synergies of the hindlimbs (Mushahwar 

and Horch, 2000a,b). These coordinated multi-joint responses th a t involve the activation 

of multiple m otoneuron pools, even though the “direct” spread of current w ithin the spinal 

cord is less th an  0.5 mm (M ushahwar and Horch, 1997; Lemay and Grill, 2004; Snow et al.,
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2006). T he possible m echanisms for th is will be addressed briefly below.

±S1 ±L7 ±L6 +L5
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Figure 2.1: D istribution o f m otoneuron pools in  the lumbosacral enlargement.
T h e  lo ca tio n s  o f  th e  m oto n eu ro n  p o o ls  are co lou r co d ed  o n  th e  cro ss-sec tio n s o f  th e  grey  m a tter  in  th e  to p  p an el. 

T h e  e x te n t o f  th e  p o o ls  a lon g  th e  lu m b osacra l en la rg em en t is in d ica ted  by  th e  bars b e low . A b b rev ia tio n s  (from  left  
to  right): B F p  - b icep s fem oris poster ior, M G  - m ed ia l g a stro cn em iu s, LG  - la tera l g a stro cn em iu s , G lu tM a x  - g lu teu s  

m axim u s, C F  - cau d ofem ora lis, B F a  - b icep s fem oris  anterior, S T  - sem iten d in o su s, G lu tM ed  - g lu teu s  m ed ia lis , 
F H L  -  flexor h a llicu s  lon gu s, T P  - t ib ia lis  p oster ior, T A  - t ib ia lis  anterior , F D L  - flexor d ig ito ru m  lon gu s, E D L  - 

ex ten so r  d ig ito ru m  lo n g u s, SM p - sem im em b ran osu s p oster ior, T F L  - ten so r  fa sc ia  la ta e , S M a - sem im em b ran osu s  
anterior, V I - v a s tu s  in term ed iu s, A d M  - a d d u cto r  m ed ia lis , R F  - rectu s fem oris, V L  - v a s tu s  la tera lis , V M  - v a stu s  

m ed ia lis , SR T a - sartoriu s  anterior, S R T m  - sartoriu s m ed ia lis . A d a p ted  from  M ushahw ar e t  a l. (2002).

T he ISMS im plant and fixation techniques are based on a design originally developed for 

single cell recording from dorsal roo t ganglia in awake and freely moving ca ts  (Prochazka, 

1984). T he im plant (figure 2.2A) consists of 8 to  24 individual microwires (30 prri diam eter, 

80%-20% platinum -iridium ) arranged into an  array  and im planted bilaterally  spanning a  3 

cm-long region of th e  spinal cord (figure 2.2B). Each platinum -iridium  microwire is insulated 

except for a  30-60 pm  tip  which is sharpened and  inserted through th e  dorsal surface of the  

spinal cord. T he microwire tips ta rg e t m otoneuron pools in th e  ventra l horn (figure 2.2C) 

according to  their previously m apped organization (Vanderhorst and  Holstege, 1997).

ISM S and fatigue resistance

O ur results dem onstrate  th a t  ISMS is characterized by reduced fatigue (M ushahw ar and 

Horch, 1997; Saigal e t al., 2004) and a  m ore graded force generation (M ushahw ar and Horch, 

2000a; Snow et al., 2006) when com pared to  peripheral modes of stim ulation. Electrical 

stim ulation  of peripheral nerves activates large fast, fatiguable fibres before sm aller fatigue 

resistant fibres (M ortim er, 1981) leading to  rap id  muscle fatigue and  a  steep initial force 

production. T his is a significant concern in situations where a muscle m ust m ain tain  force
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Figure 2.2: Cartoon illustration o f the IS M S  implant.
A  la m in ecto m y  perform ed  a t th e  T 1 2  verteb ra l seg m en t in  h u m an s w ill ex p o se  th e  L 2-L 5 sp in a l seg m en ts  (A ). T h e  

ISM S im p la n t c o n s ists  o f  a n  array o f  24  m icrow ires im p lan ted  in d iv id u a lly  th rou gh  th e  d orsa l su rface  o f  th e  cord  
(B ). T h e  en tire  array is secu red  to  th e  T i l  p rocess  u s in g  a  d en ta l acry lic  cap  an d  a  lead  trave ls  to  th e  s tim u la to r  

in terface. M oton eu ron s in  th e  v en tra l horn o f  th e  grey  m a tter  are ta rg e ted  by  th e  m icrow ire t ip s  a s in d ica ted  in  th e
cross se c tio n  o f  th e  sp in a l cord  (C ).

for an  extended period of tim e and m ay hinder the  clinical use of FES. We recently  dem on­

stra ted , in ra ts , th a t  ISMS generates a  m ixed recru itm ent order of m otor un its w ithin the  

activated muscle (Bam ford et al., 2005). T he fatigue resistance and graded force recru itm ent 

seen during ISMS is a ttr ib u ted  to  the  initial recruitm ent of populations of slow, fatigue- 

resistant muscle fibres followed a t higher stim ulation  am plitudes by th e  gradual activation 

of fast, fatiguable fibres. This sequence of activation resembles th e  physiological recruitm ent 

of m otor units. E lectrical stim ulation (ISMS or peripheral FES), is applied extracellularly  

and activates axons in a reversed order due to  the  lower inpu t resistance of the  large ax­

ons. Peripheral FES activates m otor axons directly, leading to  the  reversed recru itm ent of 

m otor units. In  contrast, ISMS prim arily  activates m otoneurons trans-synaptically  which 

leads to  a near norm al recru itm ent of slow to  fast m otor units. C om puter sim ulations as 

well as recent experim ental studies of ISMS dem onstrated  th a t  th e  axons of afferent fibres
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passing near the microwire tip are excited a t a lower stimulus am plitude th an  the nearby 

motoneurons (M cIntyre and Grill, 2000; G aunt et al., 2006). This preferential activation of 

afferent networks by ISMS not only leads to  the near norm al recruitm ent of m otor units, 

bu t is also likely to  be the m ain factor contributing to  the spread of excitation to  d istributed 

but synergistic m otoneuron pools. This could in tu rn  explain the whole-limb coordinated 

movements elicited by stim ulating through single ISMS wires.

Although ISMS provides improved fatigue resistance due to  its mixed m otor un it recruit­

ment, increased force decay when high stim ulation frequencies are used remains prevalent. 

During a norm al contraction m otor units are activated in an  asynchronous m anner which 

allows fused muscle contraction (tetanus) to  be achieved even though the  firing frequency 

of individual fibers (<  20 Hz) is well below th a t required for fused muscle contraction ( > 4 0  

Hz). However, electrical stim ulation results in the simultaneous phase-locked activation of 

a large population of m otor units (Mushahwar and Horch, 1997). Trains of stim ulation at 

the fusion frequency are therefore required to  generate a tetanic contraction of the muscle 

when the m otor units are activated synchronously. This in tu rn  causes an increased rate of 

fatigue and onset of muscle pain due to  an increased production of m etabolic byproducts 

and a reduction in the am ount of time available to  remove these waste m aterials between 

fibre contractions (Prochazka, 1993).

Multiple techniques have been developed to  reduce the ra te  of fatigue during FES by 

activating different sets of motoneurons to  perform a common function. These techniques 

include interleaving or ro tating  stim ulation sites (Rack and W estbury, 1969; Yoshida and 

Horch, 1993a), and performing postural switching. Interleaved stim ulation more closely 

mimics the asynchronous firing of m otor units seen in the natu ra l activation of muscle in 

which low-frequency, non-overlapping stimuli are applied to  different sub-populations of 

fibres in a single muscle. This has been dem onstrated using ISMS by im planting several 

microwires into a single target m otoneuron pool. By alternating the stimuli through two or 

more electrodes the frequency of stim ulation applied through each electrode is only a fraction 

of the muscle fusion frequency. In this way, multiple populations of m otor units can be 

activated asynchronously a t sub-tetanic frequencies w ith the result being a summed smooth
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contraction (M ushahwar and Horch, 1997). This approach has also been dem onstrated using 

LIFEs (Yoshida and Horch, 1993a) as well as the U tah slant electrode array (McDonnall 

et al., 2004).

Rotating stim ulation utilizes a strategy similar to  th a t of interleaving. During interleav­

ing the stimulus is applied in alternation through multiple electrodes, each a t sub-fusion 

frequency, whereas, during stimulus rotation a tra in  of 40-50 Hz stim ulation is applied 

through a single electrode for a set duration before switching to the next stim ulation site. 

The stim ulation continues to  be ro tated  between electrodes in this fashion, providing the 

motor units activated by the first electrode adequate tim e to  recover from fatigue. R otating 

stim ulation was dem onstrated using a nerve cuff with multiple active sites, each recruiting 

different populations of m otor units within the same nerve (Grill and M ortimer, 1996). 

This has also been applied in FES phrenic pacemakers for restoring breathing in people 

w ith high tetraplegia (Thom a et al., 1987).

Another solution to  fatigue is the use of a technique called postural switching where 

different muscles can be activated to  achieve the same overall functional outcome. This 

technique is generally used in standing during which the weight of the  individual can be 

shifted in such a way th a t the activation of postural muscles is periodically ro tated , thus re­

ducing the ra te  of fatigue (K rajl et al., 1986). Postural shifting can be applied to  bo th  ISMS 

and peripheral stim ulation systems in order to  further extend the duration of functional 

contraction.

ISM S im plant stab ility

Special considerations have been taken to  ensure th a t minimal dam age is induced during 

the im plantation of ISMS microwires and as a result of the continued presence of the im­

plant. The m aterial and diam eter of the microwires used in the ISMS im plant developed 

in our laboratory were selected based on the requirem ents th a t the microwires; (1) have 

sufficient stiffness to  penetrate  the cord yet cause minimal tissue displacement during im­

plantation, (2) rem ain mechanically stable yet free to  move ( “float” ) w ith the tissue, (3) are 

electrochemically inert, and (4) can apply stim ulation pulses th a t activate nervous tissue
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while rem aining w ith in  th e  safety constra in ts of th e  interface. H istological techniques were 

used to  evaluate th e  ex ten t of th e  dam age caused when ISMS microwires were chronically 

im planted in th e  spinal cord (Prochazka et al., 2001). F igure 2.3 shows a  6 /im -thick section 

of spinal tissue showing the  track  of a  microwire th a t had been im planted for 6 m onths. 

Only m ild gliosis was seen around the  shaft (fig 2.3A) and microwire tip  (fig 2.3B). F urther­

more, th e  absence of lym phocytes and  m acrophages indicated th a t  no chronic inflam m ation 

occurred. These results dem onstrate  th e  advantage of designing a  flexible im plant in which 

each individual wire can “float” in the  cord during th e  sm all translation , ro ta tio n  and  com­

pression of th e  spinal cord caused by postu ral movements. In  con trast, system s constructed  

from single solid substra tes m ay be less mechanically com patible w ith  th e  cord and  m ay 

cause increased tissue inflam m ation (W oodford et al., 1996; B iran et al., 2005; Polikov et al., 

2005).

F igure 2.3: Histological evaluation o f spinal cord tissue around a microwire implanted fo r  6 
months.
A ll p an els  sh ow  a  6 p m -th ick  cro ss-sec tio n  o f  sp in a l cord  tissu e . T h e  p an el o f th e  le ft sh ow s th e  track  g en era ted  by  

th e  im p la n ted  m icrow ire. N o  ly m p h o c y te s  or m acrop h ages w ere fou nd  around th e  sh a ft (A ) or t ip  (B ) o f  th e  
m icrow ire. T h is  in d ica te s  th e  a b sen ce  o f  chron ic  in fla m m a tio n  over th e  6 m o n th  p er iod  o f th e  im p la n t. R ep rod u ced

from  P roch azk a  e t  al. (2001).

T he m axim um  current th a t  can safely be applied through an electrode is based on the  

am ount of charge th a t  can be injected into nervous tissue (M cCreery et al., 1990) as well as 

th e  electrochem ical processes th a t occur a t the  electrode tip  (M ortim er, 1981). D uty  cycle, 

charge per phase, charge density  and  stim ulation frequency are all factors th a t  can influence 

th e  ex ten t of tissue dam age when stim ulation  is applied to  th e  central nervous system
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(McCreery et al., 2004). In  chronic im plants stim ulation limits and pulse shapes (mono- vs. 

bi-phasic) must be selected to  prevent the initiation of electrochemical reactions th a t can 

compromise the integrity of the electrode (through corrosion or deposition) and produce 

byproducts th a t cause fluctuations in the pH th a t may damage the tissue surrounding the 

electrode tip  (M ortimer, 1981). The maximum safe stim ulation am plitude for the platinum- 

iridium wires used by our lab is 300 /j,A applied in bi-phasic charge balanced pulses with a 

200 yus initial cathodic phase. These values were determ ined based on the surface area of 

the microwire tip  and the acceptable charge density to  m aintain electrochemical stability 

(0.3 to 0.45 /j,C /m2 for platinum  m aterials) (M ortimer, 1981). T he values are also within 

the safe range of electrical stim ulation applied to  the central nervous system  (Agnew et al., 

1990).

The long term  efficacy of the ISMS implant was examined previously in in tact (M ushah­

war et al., 2000) and more recently in spinal cord injured cats. Three animals w ith com­

plete spinal transections were im planted chronically w ith arrays of 24 platinum -iridium  

microwires targeting the m otoneuron pools in the lumbosacral enlargem ent (L5-S1). Two 

animals were im planted 4-5 weeks after receiving a spinal cord transection at T i l .  Both 

of these im plants failed before the end of the 6 m onth study due to  mechanical failures at 

the spinal cord and connector levels. These failures were considered when designing future 

im plants and will be discussed in greater detail in later sections. T he th ird  anim al received 

an ISMS im plant and a complete transection of the spinal cord at the T i l  level during a 

single surgical session. The im plant remained functional for the duration of the 6 month 

experiment. Figures 2.4 and 2.5 summarize results obtained from periodic measurements 

of the electrode impedances, m otor thresholds and m otor responses conducted throughout 

the 6 m onth period of im plantation. We found th a t there were only small variations in 

the resistances of the microwires (fig 2.4A) indicating th a t there was little  physical change 

(corrosion or deposition) at the electrode tip. The small decrease in electrode impedance 

may suggest th a t the polyimide insulation around the microwire tips was degrading but 

there is no evidence to  support this a t this tim e and the effect is not substantial. Further 

evaluation m ust be conducted if these materials are to  be used in future studies. The m otor

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 2. TAPPING INTO THE SPINAL CORD 41

threshold of individual microwires (fig 2.4B) increased by an average of 2 fold over the 

course of the 6 m onth im plant. However, the average m otor threshold of all microwires 

increased from 76 to  83 p.A indicating th a t the absolute change in threshold (as opposed to 

relative to  the initial threshold value recorded) was small. These increases are w ithin the 

expected range and indicate a minor gliosis associated w ith the im plant. No indication of 

chronic inflammation was observed.
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Figure 2.4: Microwire resistances and m otor thresholds measured periodically throughout a 
6 month ISM S implant in  a cat with spinal cord injury.

T h e an im al received a  com p lete  sp ina l transection  a t th e  T i l  level and an ISM S im p lant du rin g a  sing le  surgical 
session. R esistan ces  and m otor th reshold  values were norm alized to  th e  first recording (arrow ) tak en  10 days after 
surgery (each th in  line rep resen ts one m icrow ire) and th e  m ean values (th ick  black lin e) are p lo tted  w ith  standard  
d eviation  bars. M icrow ire resistances varied on ly  sligh tly  over th e  du ration  o f th e  im p lan t in d ica tin g  an absence o f  

significant m icrow ire corrosion, m ateria l d ep osition  or insu lation  breakdow n (A ). T h e  m otor th resholds increased by 
2 fold from  sta r t to  term in ation  o f th e  experim ent (B ). T h is is con sisten t w ith  th e  ex p ected  en cap su la tion  around

th e  m icrowire tip .

The m otor responses evoked through stim ulation of single electrodes changed over the 

first 8-10 weeks after im plantation and simultaneous spinal transection. Early responses 

were more often characterized by flexion movements around the hip, knee, ankle and toe 

joints. This tim e period corresponds to the expected duration of spinal shock during which 

flexor hyperreflexia is prom inent. After this initial phase a spectrum  of responses similar
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to  those seen in an  in tact anim al was achieved and the  characteristics of th e  responses 

obtained from each microwire becam e increasingly consistent betw een recording sessions 

(i.e., stable responses). F igure 2.5 shows examples of th e  tim e course of m otor responses 

evoked when stim ulation was applied th rough 4 individual microwires. T he d a ta  obtained 

from th is anim al provides fu rther support for th e  stab ility  of the  ISMS im plant in  term s 

of b o th  its  physical in tegrity  and  functional responses. T he changes in responses m ay be 

avoided in clinical application by excluding pa tien ts in th e  acute phase of spinal cord injury 

and selecting p atien ts  who have stable chronic injuries.

Right #2 (L7-S1)_______________________________________________________________________________
hipknee

I | i T l ankle
i i  i r  ~i i i i i i i I i i i i toe
I I I i f  l l 1  — —  contralateral

Right #3  (L7 )

....
Right #4 L7

Right #7  (L6

I extension 
I flexion

cz r h u e  I .1   -I   ,IX X X X I . x x r
12

weeks
16 20 24

Figure 2.5: M otor responses evoked by stim ulation  applied through single microwires.
E ach  b an d  rep resen ts th e  t im e  cou rse  o f  ch an ges to  th e  m o to r  resp o n ses  over th e  d u ration  o f  a  6 m o n th  im p la n t in  a  

ca t th a t  rece ived  a  c o m p le te  sp in a l cord  injury o n  th e  sa m e  d a y  as th e  im p lan t. E ach  large b an d  rep resen ts th e  
resp on ses  o f  a  s in g le  m icrow ire. T h e  h orizon ta l su b d iv is io n s  in d ic a te  th e  m ovem en t seen  across ea ch  jo in t  in  th e  

ip sila tera l leg  a n d  th e  genera l rep on se  in  th e  co n tra la tera l leg  (flex ion  - b lu e , e x ten s io n  -red , no  resp o n se  -  w h ite ) .
F lexor  resp o n ses  w ere d o m in a n t for th e  first 8 -10  w eek s after  w h ich  tim e  som e resp on ses  sw itch ed  to  ex te n s io n . 

A fter  th e  10 w eek  p o in t th e  resp on ses  b eca m e in creasin g ly  sta b le . T h e  flexor-d om in ated  resp o n ses  over th e  first 8 
w eek s are p resu m a b ly  du e to  sp in a l sh ock  an d  ex cess iv e  h yp er-reflex ia  so o n  after  sp in a l cord  injury.

R estoring  stan d in g  and step p in g

T he fatigue resistan t properties of ISMS make it particu larly  a ttrac tiv e  for restoring stand ­

ing after spinal cord injury, where prolonged stim ulation  is required to  m ain tain  a stable 

upright posture. In trasp inal m icrostim ulation applied in an  interleaved m anner th rough  8 

microwires im planted bilaterally  in th e  spinal cord resulted in prolonged stand ing  in cats.
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The duration and quality of standing achieved using intram uscular stim ulation and ISMS 

were com pared and the results indicate th a t ISMS is capable of increasing the duration of 

standing achieved in comparison to  peripheral FES (e.g., fig 2.6). The addition of feed­

back rules which were used to  modify the am plitude of stim ulation based on the angles of 

the knee and ankle, and loading in the limbs was found to  further improve the duration 

of standing using bo th  stim ulation techniques. Up to  32 minutes of stable standing was 

achieved using feedback-based control of ISMS (versus 4.5 min for intram uscular stim u­

lation) indicating th a t feedback control of ISMS could provide a substantial benefit in a 

neuroprosthetic device designed for restoring standing after spinal cord injury (Lau et al., 

2006, 2007).
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Figure 2.6: Comparison o f standing generated using intramuscular stim ulation and ISM S.
E xam ples from  tw o ca ts  th a t w ere m ad e to  stan d  by app lying con stan t levels o f s tim u la tio n  for 1 m in. S tim u lation  

w as applied e ither th rou gh  intram uscu lar electrod es im planted  in th e  quadriceps and gastrocn em iu s m uscles (A ), or 
intraspinal microwires targeting  extensor m otoneuron pools (B). T he vertical ground reaction force (G R F) recorded 
using intram uscular s tim u la tion  decayed m uch m ore rapid ly th an  th a t ob ta in ed  u sin g  ISM S. G round reaction  forces 

have b een  norm alized  to  th e  m in im um  force criteria for fu nctional sta n d in g  (12.5%  b o d y  w eight per hindlim b, 
equ ivalen t to  4 .8  N  in  A  and 4 .0  N  in  B ) ind icated  by th e  horizontal dashed  line.

In addition to  standing, the use of ISMS for restoring stepping has been explored. We 

define functional stepping as rhythm ic alternations of the hindlimbs th a t provide full load-
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bearing support for the hind quarters of the animal during stance and ample foot clearance 

during swing. Functional overground locomotion has the additional requirem ent to  generate 

substantial propulsive forces for the forward progression of the animal.

The ISMS im plant initially proposed for restoring lower limb function consisted of 4 

rows of 48 electrodes (192 in to tal) im planted into each side of the spinal cord (Mushahwar 

and Horch, 1997). The objective of this design was to  ensure full selectivity and complete 

activation of all motoneurons within a pool with minimal current spread from the electrode 

tip. However, more recent studies have dem onstrated th a t due to  the activation of net­

works in the spinal cord, stim ulation applied through a single electrode can generate full 

limb extensor or flexor synergies appropriate for the stance and swing phases of stepping, 

respectively. This m eans th a t weight-supported locomotor-like stepping patterns can be 

generated by applying phasic stim ulation through as few as 4 different electrodes eliciting 

flexion and extension responses in the left and right legs (Saigal et al., 2004; M ushahwar 

et al., 2002).

The fact th a t ISMS activates networks of neurons w ithin the spinal cord has other 

interesting implications. We have found th a t 40 or 50 Hz trains of low-level (amplitude 

<  motor threshold) tonic stim ulation can evoke in-place alternating  stepping movements 

of the hindlimbs when applied through groups of microwires im planted in the interm edi­

ate and ventral areas of the spinal cord (Guevremont et al., 2006). Stim ulation probably 

acts to excite intrinsic locomotor networks residing in the lumbosacral spinal cord (Brown, 

1911; Cazalets et al., 1995; Kjaerulff and Kiehn, 1996). Figure 2.7 indicates the regions of 

the cord th a t generated various movements when stim ulation was applied through single 

microwires. Microwires placed in the interm ediate and medio-ventral areas (laminae VII 

and VIII) of the spinal cord were found to  be most potent in eliciting alternating move­

ments, and stim ulation of the ventral horn (lamina IX) evoked single joint or whole-limb 

flexor or extensor synergies depending on the rostro-caudal location of the microwire tip. 

In contrast, stim ulation applied to  the dorsal horn prim arily evoked flexion movements and 

sensory responses (i.e., paw shake or limb withdrawal) in in tact awake anim als (Mushahwar 

et al., 2002) due to  activation of sensory fibres w ith ascending connections. Intraspinal
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m icrostim ulation in in term ediate and  m edio-ventral areas was m ost p o ten t in  generating 

stepping m ovem ents suggesting th a t  neurons in these regions play a  role in rhythm ogenesis 

during fictive locom otion (Kjaerulff and  Kiehn, 1996; Noga et al., 1995; T scherter et al., 

2001 ).

0.5 mm

Figure 2.7: Microwire tip locations w ithin the lumbosacral spinal cord o f cats.
S tim u la tio n  ap p lied  th ro u g h  m icrow ire t ip s  in  th e  d orsa l horns o f  th e  grey  m a tte r  (lam in ae  I-V I) g en era ted  

prim arily  flex ion  resp on ses  (ye llow ). V en tra lly  p laced  t ip s  cou ld  evoke s in g le  jo in t m o v em en ts  or fu ll lim b  flex ion  or 
ex ten s io n  syn erg ies  d ep e n d in g  o n  th e  sp ec ific  ta r g e t w ith in  th e  cord  (p u rp le). S tim u la tio n  o f  th e  in term ed ia te  and  
m ed io -ven tra l areas (red) o ften  evok ed  u n ila tera l or b ila te ra lly  a ltern a tin g  s tep p in g  m ovem en ts  o f  th e  h in d lim b s.

W hile tonic stim ulation  was capable of producing rhythm ic a lternation  of th e  hindlim bs, 

th e  evoked stepping-like m ovem ents were no t fully load bearing and  therefore did  no t m eet 

the  requirem ents of functional stepping sta ted  above. In  order to  increase th e  level of load 

bearing, supra-threshold  am plitudes of stim ulation  were phasically applied th rough  alter­

nating  groups of microwires evoking flexion and extension movements (Saigal e t al., 2004). 

Series of 140 steps were achieved w ith  predeterm ined p a tte rn s  of stim ulation  correspond­

ing to  a  travel d istance of approxim ately 200 m  in hum an locomotion. A high degree of 

fatigue resistance was seen over series of steps as indicated  by low levels of force decay and 

kinem atic stab ility  (i.e., consistent jo in t movem ents) throughout th e  stepping sequences (fig 

2.8). Closed-loop control of stepping was also achieved using hip angle and  limb loading 

(ground reaction  force) to  determ ine th e  appropriate  tim ing for transitions from stance 

(extension) to  swing (flexion). These control algorithm s were fu rther developed using in­

tram uscular FES to  achieve overground locom otion (G uevrem ont et al., 2006), and  will be 

applied to  ISMS in fu tu re studies.
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Figure 2.8: In-place stepping evoked using phasic ISM S.
T h e stick  figures w ere recon stru cted  from  v id eo  taken o f th e  left (grey) and  right (b lack) legs. T h e  graph p lo ts  th e  

ground reaction  force (vertica l loading) generated  during a series o f m ore th an  120 step s. T h e  force has been  
norm alized to  th e  load b earing  o f th e  second  s tep  w hich  corresponded to  45-50%  o f th e  full w eight o f th e  anim al 

(in d icated  by  th e  horizontal dashed  lin e). T h e  num ber o f  s tep s  tak en  by th is  an im al w ould  correspond to  
ap p roxim ately  200 m  travelled  by an average N orth A m erican m an (m odified  from  Saigal e t al. (2004)).

In summary, we have shown th a t ISMS in the ventral horn of the  spinal cord produces 

single joint movements and coordinated multi-joint synergies. It recruits m otor units in a 

near-normal physiological order, which contributes to  the increased fatigue resistant seen 

in ISMS-evoked responses. By tapping into the existing neuronal networks controlling leg 

movements, ISMS can produce prolonged durations of weight-bearing standing by stim ­

ulating through as few as 4 microwires within the lumbosacral enlargement. Similarly, 

stim ulating through as few as 4 microwires in each side of the spinal cord can produce 

bilateral stepping of the paralyzed hindlimbs. The responses evoked by ISMS appear to  be 

stable over tim e (following some initial variability after SCI, figure 2.5) and the im plan­

tation  procedure induces minimal tissue damage (figure 2.3). Based on these findings, we 

believe th a t ISMS can be a viable neuroprosthetic approach for restoring leg function after 

spinal cord injury.
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2.4 R equirem ents for Clinical Im plem entation o f ISMS

2 .4 .1  C u rren t T ech n iq u es for ISM S

The ISMS im plant currently being used in our lab consists of 24 microwires arranged into 

a bilateral array. The microwires are im planted individually into the target m otoneuron 

pools in the L5-S1 segments and the whole array is affixed to  the L4 spinal process using 

cyanoacrylate and a dental acrylic cap. Figure 2.9A shows a cartoon illustration of the 

im planted end of the ISMS system. The array is constructed from 24 microwires each dein­

sulated (30-60 /jm) and sharpened at the tip (10-15°) before being bent to  the appropriate 

depth to  penetrate  from the dorsal surface of the cord into the targeted m otoneuron pool 

(dimension a). The microwires are then organized into two columns spanning the length 

of the lum bosacral enlargement (dimension b). The microwires are bundled and are drawn 

through a length of silastic tubing so th a t each electrode and its lead rem ain as one con­

tinuous wire. The ends of the tubing are sealed, w ith the array protruding in one direction 

and the connector, m ounted on the anim al’s head, soldered to  the leads at the other end. 

Finally the array is bent (dimension c) so th a t the tube can be fixed to  the  spinal process 

with the wires running along the surface of the spinal cord. Figure 2.9B shows the implant 

after each of the individual wires has been im planted into the spinal cord. The wires lie 

along the dorsal surface of the cord and penetrate (direction into the page) to  reach the 

motoneuron pools. Figure 2.9C shows the fixation technique to  secure the  im plant to  the 

L4 spinal process. The spinal cord is covered with a layer of plastic th in  film before the 

surgical wound is closed (fig 2.9B).

There are advantages and disadvantages w ith this im plantation and fixation technique. 

One of the m ain advantages is th a t each microwire is im planted individually so the responses 

can be optimized by evaluating the responses during the im plantation procedure. However, 

this comes at the cost of having a long and tedious surgery requiring extensive knowledge 

of spinal anatom y in order to  adjust appropriately the microwire placem ent based on the 

response evoked. A lthough each wire is placed individually the range of vertical and longi­

tudinal targets along the cord is limited by the preset bend and single active site a t each
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a l

Figure 2.9: Im plantation and fixation o f the IS M S  microwires.

T h e  im p lan t co n s is ts  o f  24  in d iv id u a l m icrow ires arranged in to  a  b ila tera l array (A ). E ach  m icrow ire is cu t an d  b e n t  
to  ta rg e t a  m o to n eu ro n  p o o l a t a  p articu lar  d e p th  (d im en sio n  a) an d  lo n g itu d in a l d is ta n ce  (d im en sio n  b ) a lo n g  th e  
lum b osacra l sp in a l cord . T h e  array is b e n t a t th e  p o in t w h ere  it  p ro tru d es from  th e  s ila st ic  tu b e  so  th a t  th e  tu b e  

ca n  b e  fixed  to  th e  L 4 sp in a l p rocess  w h ile  a llow in g  th e  array to  lie  flu sh  w ith  th e  surface o f  th e  cord  (d im en sio n  c). 
U p on  im p la n ta tio n , th e  w ires  lie  a lo n g  th e  d orsa l su rface o f  th e  cord an d  p en e tr a te  (in to  th e  p a g e ) to  reach  th e  

ven tra l horn  (B ). A n  ex a m p le  o f  th e  fix a tio n  tech n iq u e  is sh ow n  in  (C ). T h is  im p la n t fa iled  d u e  to  th e  lon g  
ex ten s io n  o f  th e  s ila st ic  tu b in g  from  th e  b on e  w h ich  w as d e flec ted  d u rin g  c losu re o f  th e  su rg ica l w o u n d  a n d  resu lted

in  th e  d is lo d g em en t o f  th e  w ires from  th e  cord.

tip  (dimension a ) , and the  longitudinal spacing (dim ension b) of th e  array  which are deter­

m ined during array  construction. T he wires m ust lie flat yet no t ta u t  to  rem ain securely 

in place in order to  minimize th e  tissue dam age th a t  can be evoked by th e  m ism atch of 

m echanical properties of th e  microwires and the  spinal cord tissue.

T he array  shown in figure 2.9C was im planted into an  in tact cat and  is an  exam ple of 

an  im plant th a t  failed as a result of the  protrusion  of th e  silastic tub ing  from  th e  dental 

acrylic fixation cap on L4. A lthough the  im plant generated  appropriate  responses during 

surgery no post operative responses could be elicited and the  anim al suffered from m otor 

deficits in its hindlegs. Postm ortem  analysis indicated  th a t th e  region of silastic tubing 

extending beyond th e  edge of th e  rem aining L4 vertebra  was displaced during th e  closing 

of the incision. This caused pressure to  be applied to  th e  surface and th e  microwires to  pull 

out of th e  cord. Generally, th e  first 24 hours are critical in determ ining th e  success of the  

im plant. During th is tim e in itial processes of connective tissue form ation (film form ation)
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take place around the  im plant which secure it in place and  only m inim al movem ent of the 

anim al can be to lera ted  safely during th is  period.

2 .4 .2  D e s ig n  S p e c if ic a tio n s  for a  C lin ica l IS M S  S y s te m

T he key features for th e  developm ent of an  ISMS im plant for clinical use are 1) m ovem ent 

tow ards a  m ore standard ized  electrode array  and  im plantation technique, and  2) use of 

electrode arrays th a t are ta ilored  to  th e  specific dim ensions of the  lum bosacral spinal cord 

of each recipient. O ur current im plan ta tion  technique requires specialized skill in handling 

the  microwires and extensive knowledge of spinal cord anatom y. Furtherm ore, to  date , the  

microwire arrays have been constructed  based on th e  average dim ensions of th e  spinal cord, 

determ ined from large num bers of anim als used during various procedures perform ed in our 

laboratory, ra th e r th an  th e  specific dimensions of each recipient. In  th is section we will 

discuss some of the  developm ents th a t  are required for the  clinical use of ISMS.

Pre- and post-operative imaging

In  the  future, pre-surgical m agnetic resonance im aging (MRI) of th e  lum bosacral enlarge­

m ent will be  utilized to  ob tain  a  more accurate representation of th e  dim ensions of the  

spinal cord of each subject (e.g., fig 2.10). A lthough th is does not provide an  indication of 

th e  functional organization of th e  particu la r m otoneuron pools, imaging th e  cord prior to  

surgery guides the  tailoring of the  im plant to  th e  specific anim al or hum an recipient.

white matter

muscle

grey matter

Figure 2.10: M agnetic resonance image (M R I) o f the spinal cord o f a cat.
T h e  w h ite  and  g rey  m a tter  can  b e  d is tin g u ish e d  u sin g  th is  te ch n iq u e  (0 .35  m m  in -p la n e  an d  4 m m  th o u g h  p lan e

reso lu tio n ).
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A nother consideration is th e  ability  to  im age the  ISMS im plant in  vivo, allowing us to  

determ ine changes in its position over tim e. Therefore, fu ture ISMS designs should be  com­

posed of M RI-com patible, non-m agnetic m aterials such as p latinum -iridium  (e.g., fig 2.11). 

T he developm ent of im proved M RI techniques will resu lt in increased im age resolution and 

therefore m ore accurate  m easurem ents. T his im aging technique could also significantly im­

prove th e  surgical procedure if used in tra-operatively  for microwire im planta tion , sim ilar to  

its  use for th e  im plan ta tion  of deep bra in  stim ulation  devices (Gibson et al., 2003; De Salles 

et al., 2004).

Figure 2.11: M R I o f ex-vivo spinal tissue with an implanted IS M S  array.
T h e  sp in a l cord  o f  a  ca t im p la n ted  w ith  an  ISM S array w as ex tr a c ted  p o s t m ortem  an d  im aged  u sin g  M R I. T h e  

m icrow ires ap p ear  as dark reg ion s (s ign a l vo id s) in  th e  im ages. T h e  figure sh ow s a  coron al (from  th e  d orsa l su rface), 
a  s a g itta l an d  a  tran sverse  v ie w  (0 .3 9  m m  in -p la n e  an d  1.6 m m  th o u g h  p lan e  reso lu tio n ).

E lectrode array

T he u ltim ate  ISMS array  would consist of a t least two rows of electrodes im planted b ila t­

erally into th e  spinal cord and  spanning longitudinally the  lum bosacral enlargem ent. In 

addition to  th is  each shaft would have more th an  one active site allowing th e  d ep th  of the
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stim ulated region to  be selected once the array is im planted. These criteria can be met 

either by using a custom  tailored array designed based on previous knowledge of the dimen­

sions of the cord (from pre-operative images), or alternatively, through the use of an implant 

consisting of several small, flexible, prefabricated arrays. The stiffness of the im planted de­

vice is critical due to  the small, bu t present, motion of the cord during postural movements. 

Although this shift is minimal when compared to  the displacement of the actual joints and 

muscle tissue, the cord does undergo translation, ro tation  and compression.

The ISMS array currently being used in our lab is fabricated from individual microwires 

with exposed tips th a t have been constructed into a single array w ith pre-determ ined di­

mensions (see above). This design allows the individual wires to be virtually  mechanically 

independent from one another and to  move freely in concert w ith the spinal cord. However, 

its construction limits the target locations th a t can be reached. Future versions of the 

implant will make use of multiple contact sites along the penetrating electrode shaft. This 

would improve m otoneuronal recruitm ent by stim ulating through a single active site or by 

interleaving the stimuli between multiple sites on the same shaft. We experim ented with 

the use of cylindrical lithography for fabricating stim ulating electrodes w ith 4 active sites 

along each shaft (fig 2.12A) (Snow et al., 2006a,b) and obtained a 100% yield in appropriate 

targeting of the m otoneuron pools of interest. Further developments to  reduce the electrode 

diam eter (currently 85 f  an) and stiffness and connection of lead wires are needed. Another 

technique involves the use of planar lithography where multiple stim ulation sites can be 

placed on a flexible polyiinide substrate which is inserted into the  tissue using a silicon 

shuttle which is then  removed leaving the highly flexible device in place (fig 2.12B). By 

controlling the surface area, thus the impedance of each site, we could record or stimulate 

through different active sites using a single im planted device.

Insertion and stab ilization  techniques

To become a widely available FES technique, future designs of the ISMS system  should 

include simple electrode insertion and fixation m ethods th a t can be used to  provide highly 

reproducible results. For this reason we suggest the design of an  array th a t provides a
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stimulation sites circuit traces connection pads 
  TTTTi

F igure 2.12: Alternative designs fo r  ISM S electrodes.
A n  e lectrod e  co n stru c ted  u sin g  cy lin d rica l lith o g ra p h y  tech n o lo g y  (A ). T h e  sh a ft is 85  f i m  an d  h as  in su la ted  tra ces  
runn ing to  4  d is t in c t  s tim u la tio n  s ite s  from  lead  w ires b on d ed  to  co n n ec tio n  p ad s a t th e  n o n -im p la n ted  en d  o f  th e  

sh a ft. (M od ified  from  figures 1 a n d  3 (S n ow  e t a l., 2 0 0 6 b )). F irst g en era tio n  p o lym er in tra -cortica l p rob e  (co u rtesy  
o f  Dr. D a r y l K ip ke, U n iv ersity  o f  M ich igan ) th a t  can  b e  m od ified  to  s t im u la te  sp in a l t is su e  (B ). M u ltip le  e lectro d e  

s ite s  are la id -o u t on  a  th in -film  p o ly im id e  p lan ar  su b str a te  w h ich  can  b e  fo ld ed  in to  a  3 D  array. In ser tio n  is  
perform ed  u s in g  a  s t iff  s ilico n e  sh u tt le  w h ich  is th en  rem oved  lea v in g  o n ly  th e  h ig h ly  flex ib le  array in  th e  sp in a l

tissu e .

m odular approach to  th e  im plantation. G roups of 4-6 electrodes on a  flexible su b stra te  

(fig 2.12B) could be fabricated  in b ilatera l or un ilatera l strips to  m atch  th e  dimensions 

of the  individual (based on spinal cord images). T he surgeon could th en  im plant several 

groups of these into the  cord based on segm ental landm arks and tes t th e  responses using 

in tra-operative stim ulation. A nother possibility is the  use of image guided im plan ta tion  to  

provide m ore specific targe ting  of th e  su b stra te  shafts w ithin th e  ventral horn of th e  grey 

m atter.

T he use of ca ts as th e  anim al m odel for the  developm ent of ISMS provides some ad­

ditional challenges th a t m ay not be encountered in hum ans. For one, the  hum an spinal 

cord is larger and is surrounded by a  significantly stronger du ra  m ater. T his m eans th a t  

additional stab ility  could be provided to  the  im plant if m odular sections of it are secured 

to  the d u ra  m ater instead of relying solely on the  attachm ent to  the  spinal process. A loop 

of wire near th e  im plant would provide the  required s tra in  relief before being secured to  the 

bone and  traveling to  the  im planted stim ulator.
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Electronics interface

The current state-of-the-art technology for FES systems makes use of im planted stim ulators 

th a t are powered and program med through inductive coupling, which eliminates the need 

for percutaneous connections. A receiving (or transm itting) coil is im planted under the 

skin typically below the clavicle (for deep brain stim ulation) or below the last rib (for 

bladder and lower extrem ity FES systems). A transm itting  (or receiving) coil can then be 

placed over the skin to  communicate control signals to  the im planted device. The clinical 

im plementation of the ISMS technique could utilize similar technology.

The cabling from the im planted stim ulator to  the spinal array needs to  be carefully 

designed so as to  reduce bulk. The possibility of having 24 wires each w ith 3-4 active sites 

means th a t nearly 100 channels of communication are needed. One possible design is to 

use 10 ptm wires in a highly flexible ribbon cable. A lternatively the signals picked-up by 

the im planted receiver could be multiplexed and transm itted  in series to  a de-multiplexing 

and stim ulating stage closer to  the implant th a t would translate the serial signals into 

meaningful stim ulation pulses through each of the active electrode sites.

Stim ulator

The studies conducted for restoring standing and stepping using ISMS suggest th a t a min­

imum of 4 channels are required (Saigal et al., 2004; M ushahwar et al., 2002). Increasing 

the number of available channels improves the possible repertoire of movements th a t can be 

generated and allows interleaving techniques to  be used to  provide additional fatigue resis­

tance. It also allows for necessary redundancy in the system. For this reason the stim ulator 

should have the capability of generating at least 16 independent channels of stimulation. 

Currently available im plantable stim ulators (e.g., Davis et al. (1987); Kljajic et al. (1992); 

Bijak et al. (2001)) will be adopted.

The control system  should be user friendly while remaining highly flexible. Indepen­

dently program m able signals are required for each of the stim ulation channels which can be 

set by a therapist based on the m otor thresholds and range of movements evoked by stim ­

ulation applied through each electrode. In addition, the control unit should have input for
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a number of feedback signals which can be used to  determ ine the appropriate stim ulation 

param eters during standing and stepping sequences.

2.5 Future D irections

Several future developments of the ISMS system can be envisioned. The use of a biomimetic 

interface instead of 3D electrode structures or microwires would provide a seamless interac­

tion with the spinal cord. Integration of neuromorphic electronic chips such as the silicon 

central p a tte rn  generator (Lewis et al., 2003) to  control the tim ing and am plitude of stim ula­

tion would further enhance the quality and metabolic efficiency of functional leg movements 

produced by ISMS.

Perception of movements evoked by ISMS would be a valuable addition to  the system. 

Continuous awareness of the position of the limbs, foot placement and loading would provide 

a higher level of interaction between the im plant and the user. It would also increase the 

user’s confidence in utilizing the ISMS system and improve their adaptability  to  it. Finally, 

the incorporation of cortical control of ISMS (M ushahwar et al., 2006) would grant the 

user a volitionally-driven system th a t mimics, to a large extent, the natu ral control of 

movements.

Intraspinal m icrostim ulation can also be used in combination w ith o ther interventions 

such as regeneration, neuro-pharmacology and body weight supported treadm ill training, 

for restoring function after spinal cord injury. The effect of ISMS before and after the appli­

cation of neurom odulatory drugs (e.g., the a2 noradrenergic receptor agonist, clonidine) in 

cats with spinal cord injury has been investigated in order to  evaluate the functional benefits 

borne by the com bination of these two approaches (Barthelemy et al., 2006; Guevremont 

et al., 2006). The evoked movements were enhanced and sites th a t produced only flexor- 

dom inated responses prior to  the delivery of the drug were capable of eliciting coordinated 

weight-bearing stepping after its adm inistration. The use of ISMS can also be deployed for 

the restoration of arm  movements in individuals w ith cervical-level injuries. This exciting 

extension of the applicability of ISMS is currently in its early stages of investigation (Moritz 

et a l ,  2007).
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2.6 Conclusion

In this chapter we discussed the strengths and current weaknesses involved in utilizing 

the ISMS technique for restoring lower limb function after spinal cord injury. The main 

advantages of the technique include not only the localization of the im plant in a 5 cm 

region of the lumbosacral spinal cord, bu t also its ability to  activate neural circuitry in 

a more physiological m anner th an  peripheral systems. This leads to  the generation of 

synergistic movements and the recruitm ent of muscle fibres in a near-norm al order. We 

have investigated the use of ISMS for restoring standing and stepping and although there 

are technical improvements th a t need to be made to  the design of the im plant, the benefits 

provide evidence of the potential efficacy of ISMS. Our results indicate th a t w ith the future 

developments suggested here, ISMS may be able to  translate  into a successful, clinically 

implemented FES technique.
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C hapter 3

Strategies for Generating 
Prolonged Functional Standing  
Using Intramuscular Stim ulation  
or Intraspinal M icrostimulation *

“The ultim ate measure o f a man is not where he stands in  m om ents o f comfort and 

convenience, but where he stands at times o f challenge and controversy. ”

- Dr. M artin Luther King, Jr.

3.1 Introduction

Spinal cord injury (SCI) is a devastating neurological traum a th a t has an enormous im pact

on the quality of daily life of the affected individual. One approach to  improving the

quality of life for people with SCI is to  develop a system  to  restore standing using functional

electrical stim ulation (FE S). T he use of FES has been shown to play a role in strengthening

muscles, improving bone density and reducing spasticity and contractures in people with

SCI (Stefanovska et al., 1989; B ajd et al., 1985; Belanger et al., 2000). Upright posture has

the physiological benefits of improving the functioning of internal organs and increasing

blood pressure (Belanger et al., 2000; Guest et al., 1997). It also has the  psychological

advantage of allowing people who use wheelchairs to  in teract a t eye-level w ith their peers

*A version of this chapter has been published. ©2007 IEEE. Reprinted, with permission, from:
**Lau B., **Guevremont L., Mushahwar V.K., Generating Prolonged Functional Standing Using Intramus­
cular Stimulation or Intraspinal Microstimulation, IE E E  Transactions on N eu ra l Systems and R ehabilitation  
Engineering  (E-Pub ahead of print, March 2007, **co-flrst authors)
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and to perform  tasks in areas otherwise inaccessible from a seated position. For these 

reasons much work has been done to  develop a stable FES system for restoring standing in 

people w ith paraplegia and low-level quadriplegia.

Current strategies for restoring standing in individuals with SCI most often involve the 

open-loop control of electrical stim ulation which is applied peripherally to  the nerves or mo­

tor point of the extensor muscles in the legs. Predeterm ined stim ulation levels are applied 

using surface electrodes (Wieler et al., 1999), or through im planted systems (Sharm a et al., 

1998). These m ethods have achieved some success; however, residual problems remain, such 

as unpredictable and non-linear force recruitm ent of the muscles as well as rapid fatigue 

of evoked responses. These issues have partially been addressed by designing more sophis­

ticated controllers th a t use feedback signals to  provide inform ation about the kinematics 

and kinetics of standing in order to  determine appropriate stim ulation levels and reduce the 

incidents of unnecessary over-stimulation of muscles (Donaldson Nde and Yu, 1996; Veltink 

and Donaldson, 1998; Davis et al., 2001; Wood et al., 1998).

Intraspinal m icrostim ulation (ISMS) is a novel FES technique th a t, through the acti­

vation of m otoneurons within the spinal cord, is able to  generate more fatigue-resistant 

muscle contractions th an  conventional peripheral FES techniques such as intram uscular 

stim ulation (IM-S). Muscle contractions with ISMS are generated by applying low levels 

of electrical stim ulation (1-300 fiA ) through an array of microwires (30 pin in diameter) 

im planted w ithin the ventral horn of the grey m atter in the lumbosacral region of the spinal 

cord. This region is relatively motion-free, and is protected by the spinal column, bu t most 

im portantly it contains the cell bodies of the m ajority of m otoneurons innervating the mus­

cles of the lower limbs. By stim ulating in this region of the spinal cord we are able to  elicit 

a large set of muscle responses ranging from single joint movements to  full limb flexion or 

extension synergies (M ushahwar et al., 2002).

The purpose of this study was to  develop a FES system th a t uses closed-loop control 

of ISMS in order to  generate functional standing. Ground reaction forces (GRFs) and 

knee and ankle joint angles were used as feedback signals for the controller. Threshold- 

based rules were used to  m odulate the stim ulation am plitude applied to  the knee and ankle
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extensor muscles in order to  m aintain a standing posture w ith minim al muscle activation. 

Our results dem onstrated th a t the combination of the fatigue-resistant properties of ISMS 

and the am plitude m odulation of stim ulation during closed-loop control provides prolonged 

periods of balanced standing posture. These results were compared to  open- and closed-loop 

strategies similar to  those currently in use with IM-S.

3.2 M ethods

Seven spinally-intact adult cats (2 females, 5 males) weighing between 2.9-4.5 kg were used 

in the study. All experim ental procedures were approved by the University of A lberta An­

imal Welfare Committee. Anesthesia was tem porarily induced through the inhalation of 

isoflurane (2-3% isofluorane in carbogen) and an intravenous (i.v.) catheter was inserted 

for use in adm inistering sodium pentobarbitol (Somnotol) throughout the rem ainder of the 

experiment (25 m g/kg  induction; m aintenance 1:10 saline dilutions of the anesthetic). At 

the end of the experim ent the animals recovered in a heated kennel. A to ta l of 13 experi­

mental sessions were performed using either IM-S (9 experiments) or ISMS (4 experiments) 

paradigms. During these experiments, individual trials were conducted to  test the open-loop 

(14 trials) and closed-loop (17 trials) control strategies.

3 .2 .1  In tram u scu lar  E le c tro d e  Im p la n ta tio n

Nine experim ents were conducted in a to ta l of 6 cats (3 animals were used in two exper­

imental sessions) using IM-S. The cats were im planted w ith sterilized IM electrodes while 

under isoflurane anesthesia before their transfer to  i.v. Somnotol for the  rem ainder of the 

experiment. The IM electrodes (9 strand  stainless steel Cooner wire, insulated except for 

3-4 mm tips) were im planted percutaneously near the m otor point of the knee extensor 

(vastus lateralis) and ankle extensor (gastrocnemius lateralis) muscles of each leg. Wires 

were not im planted in the hip extensors since they provided a backwards, ra ther than  down­

wards, trajecto ry  leading to  slippage of the hindlimb. At the end of the experiment the 

wires were removed and the animal recovered in a heated kennel.

Two dual-channel constant current stim ulators (EMS-6500, E lectrostim  Medical Ser­
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vices, Inc., Tam pa, FL) generated and delivered trains of IM-S (biphasic charge balanced, 

0.1-20 mA, 200 ps depolarizing pulse, 50 pulses/s) as d ictated  by the control program.

3 .2 .2  In tra sp in a l M icro stim u la tio n  A rray Im p la n ta tio n

Four animals were im planted w ith ISMS arrays consisting of 12 microwire electrodes (30 

pm  diameter, stainless steel, insulated except for 30-60 pm  exposed tips). The wires were 

bilaterally im planted in segments L5-L7 of the spinal cord of adult cats under sodium pento­

barbital anesthesia. The microwire tips were placed in the ventral horn (lam ina IX) within 

the spinal cord and targeted  2 regions generating strong knee extension and whole limb 

extensor movements. Independent knee extensor and whole limb extensor movements of 

the left and right hindlimbs were evoked by ISMS through microwires im planted bilaterally 

in the cord using techniques described in detail elsewhere (M ushahwar et al., 2000). The 

muscle activity evoked during stim ulation through individual microwires or combinations 

of wires was evaluated qualitatively through palpation and visual inspection. Activation of 

specific muscles w ithin a synergy was not quantified due to  the  need to  minimize traum a to 

the legs (i.e., avoid im plantation of electromyography and nerve cuff electrodes for quantifi­

cation). Two animals received chronic im plants during surgeries perform ed under aseptic 

conditions after which they recovered for 10 days before conducting stim ulation experi­

ments. The other 2 animals in this group were used in term inal experim ents where da ta  

collection was performed immediately following the im plantation of the ISMS array. At 

the end of these experim ents the animals were sacrificed by i.v. adm inistration of euthanyl 

(100 m g/kg).

A custom m ade 16-channel constant current stim ulator was used to  deliver low levels 

of electrical current through the microwires in order to  evoke the desired m otor responses. 

Fused muscle contractions were achieved by applying trains of interleaved pulses (1-300 pA, 

biphasic charge balanced, 200 ps depolarizing pulse, 400 ps balancing pulse, 25 pulses/s) 

through pairs of microwires which generated similar movements (e.g., knee extension) when 

stim ulated independently. Two pairs of interleaved stim ulation channels were used in each 

side of the spinal cord to  elicit ipsilateral knee extension and whole limb extensor move­
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ments, resulting in a to ta l of 8 stim ulation channels.

3 .2 .3  E x p er im e n ta l S e tu p

The anesthetized cat was transferred to  a partial body support sling (figure 3.1A). Reflective 

markers were placed on the iliac crest, the hip, knee, ankle and m etatarsophalangeal (M TP) 

joints and the tip  of the th ird  toe so th a t limb positions and joint angles could be determ ined 

offline from video recordings. Both sides of the animal were filmed using two JVC digital 

video cameras (30 fram es/s) placed orthogonally a t a distance of approxim ately 1 m from 

the animal. This significantly reduced the distortion in the limb segments due to  parallax 

effects. A calibration grid was placed in the field of view in order to  perform  frame-by-frame 

scaling of the video data.

The hindlimbs of the anim al were placed on parallel force plates allowing GRF infor­

m ation to  be recorded independently for the left and right legs. The force plates were 

calibrated at the beginning of each experiment using a 1 kg-weight. Jo int angles were ob­

tained through four biaxial accelerometers (Analog Devices ADXL213) th a t were secured 

firmly along the limb axis above and below the ankle joint on the tibial and foot segments, 

respectively, of each hindlimb. The initial angles of the knee and ankle during passive, 

partially supported standing were measured w ith a pro tractor before each stim ulation trial. 

These angles were used by the controller to shift the accelerometer voltage values to  the 

appropriate range. Since the accelerometers were aligned along a limb axis, the angle of 

each accelerometer represented the angle of th a t limb segment in space. The accelerometers 

provided measures of the projection of gravity onto their x- and y-axes which were then 

used in trigonom etric equations to  determ ine the angle of the limb relative to  horizontal. 

The ankle angle was approxim ated by summing the angles of the foot and tibial segments 

of the limb as calculated from the accelerometers. The knee angle was approxim ated by 

doubling the angle of the  tibial limb segment and correcting w ith an offset.

The ankle and knee angles measured from the video d a ta  and calculated from the 

accelerometer signals are shown in figure 3 .IB. A high correlation is seen between the two 

m ethods indicating th a t accelerometers can be used to  obtain a real-tim e approxim ation of
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Figure 3.1: Experimental set-up and methods.
(A ) Schem atic o f setu p  used for anim al su sp en sion  and stim u la tion . T h e  w eight o f th e  anim al is partia lly  supported  

by a b o d y  harness. T h e  h in d lim bs are p laced  on tw o parallel force p la tes for G R F  recordings, and du al-axis  
accelerom eters are a ttach ed  securely  above and below  th e ankle jo in ts o f b o th  h in dlim bs for rea l-tim e knee and  
ankle jo in t angle m easurem en ts. Joint m arkers are a ttach ed  for offline k in em atic  ana lysis. (B ) A nkle  and knee  
angles ca lcu la ted  from  th e  v id eo  (d o tted ) and approxim ated  from  th e  accelerom eter sign als  (so lid ). T h e  strong  
correlation in d icates th a t th e  accelerom eters provide a  good rea l-tim e estim a tio n  o f th e  lim b k in em atics. T he  

accelerom eter sign a ls  con ta in  h igh  frequency acceleration  profiles (spikes) at th e  onset o f  sta n d in g  due to  th e  abrupt
change in  posture.

the ankle and knee angles for closed-loop control.

3 .2 .4  C on tro ller  D esig n

The open-loop and closed-loop controllers were implemented in Visual C + + . The program 

was executed on a desktop PC  which was interfaced w ith the IM-S or ISMS constant 

current stim ulators via a digital-to-analog (NI-6723) board. Feedback signals from the 

accelerometers (8 channels) and force plates (2 channels) were sampled at 500 sam ples/s 

by an analog-to-digital (NI-6033) board before being smoothed in the control software by 

applying a 150 ms sliding window average.
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During open-loop control pre-determined stim ulation levels were applied to  activate 

extensor muscles of the  leg using IM-S or ISMS. The stim ulation level eliciting the first 

visible contraction (m otor threshold), and the stim ulation level required for achieving the 

desired response were determ ined at the beginning of each tria l by visual inspection. These 

values, along w ith the ra te  of increase of stim ulation am plitude from the threshold to  desired 

level (default increment of 0.75 m A/pulse) were set using a graphical user interface (GUI) 

to the control program. At the initiation of each standing trial, the am plitude of stim ulation 

applied to  each muscle was increased autom atically by the controller from m otor threshold 

to the specified desired level and m aintained for the duration of each open-loop trial.

The closed-loop controller used joint angles and GRFs to  detect collapse of each limb 

and to m odulate appropriately the am plitude of the stim ulation required for standing. 

Independent control decisions for the left and right legs were made based on comparisons 

between the joint angle and GRF signals and the threshold values selected to  represent the 

kinematics and kinetics associated w ith stable standing. The closed-loop controller used a 

GRF level corresponding to  12.5% of the to ta l body weight per hind leg as the target GRF 

during standing. Upper and lower thresholds for the acceptable range of GRFs were set at 1 

N from this level. The use of 12.5% of the to ta l body weight as the target was based on GRF 

levels seen during prelim inary open-loop FES standing trials when the  c a t’s hind quarters 

were observed to  lift completely out of the support sling. Unloading of the sling occurred at 

a summed left and right G RF value equivalent to 25% of the to ta l body weight of the animal, 

indicating th a t th is level of force was sufficient for achieving load-bearing standing in our 

setup. A force transducer placed inline with the rear te ther of the support sling during 

preliminary trials indicated no vertical load at this point (data not shown). During these 

trials, when the hindlimbs of the animal began to  collapse the force transducer registered 

increased loading of the rear te ther of the support sling w ith corresponding reduction in 

the GRFs at the force plates. Reduction in vertical G RF was then  used as a measure of 

reduction in the percentage of body weight th a t the anim al was supporting w ith its own 

limbs (as opposed to support provided by the sling). T he transducer was removed during 

actual trials so th a t dual te ther points could be used to  provide some lateral stability (fig
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3.1A). The decay in force in a tria l was presumed to  be due to  muscle fatigue because 

after a period of recovery, the same force levels could be elicited w ith the same stimulus 

amplitudes bo th  in the intram uscular and intraspinal stim ulation trials.

Target values specifying the minimum acceptable ankle and knee angles for each leg 

were selected based on signals obtained during an open-loop tria l conducted during the 

same experiment. The upper and lower threshold limits to  the range of acceptable joint 

angles were set to  ±  5° from the target value.

Joint angles and G RF signals were initially acquired by the control program  for 0.5 s 

before the onset of stim ulation in order to  obtain baseline values from the force plates and 

accelerometers to  correct for drifts in the signals between trials. The following closed-loop 

control rules were designed such th a t the stim ulation of the knee extensor was m odulated 

in order to  m aintain bo th  the GRF and knee joint angle for th a t limb w ithin the predeter­

mined threshold ranges.

IF  ipsilateral GRF >  upper threshold
O R  ipsilateral knee angle >  upper threshold

T H E N  decrease ipsilateral knee extensor stim ulation

E L S E  IF  ipsilateral G RF <  lower threshold
O R  ipsilateral knee angle <  lower threshold

T H E N  increase ipsilateral knee extensor stim ulation

E L S E  m aintain ipsilateral knee extensor stim ulation at current level

Similarily, stim ulation of the ankle extensor muscle was m odulated in order to m aintain 

the ankle angle w ithin the threshold range for th a t joint.

IF  ipsilateral ankle angle >  upper threshold
T H E N  decrease ipsilateral ankle extensor stim ulation

E L S E  IF  ipsilateral ankle angle <  lower threshold
T H E N  increase ipsilateral ankle extensor stim ulation

E L S E  m aintain ipsilateral ankle extensor stim ulation at current level

Since the knee extensor stim ulation was based both  on GRF and knee joint angle,
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priority was given to  decisions based on GRF levels in cases when the two responses con­

tradicted (i.e., if the knee was extended beyond the acceptable range and the GRF was low 

the extensor stim ulation would continue to  be increased to  generate more GRF).

Balance of the GRF of each hindlimb was achieved by setting the desired force range 

to be the same for bo th  legs. During closed-loop control the am plitude of stim ulation was 

updated every 600 ms using increments specified in the GUI for each channel. Default 

increments of 0.25 mA and 10 //A were used for closed-loop control of IM-S and ISMS, 

respectively. Three stim ulation trials were typically conducted during each experim ental 

session. The first tria l consisted of 60 s of open-loop control using the IM-S or ISMS 

amplitudes previously selected by visual inspection. The d a ta  recorded during this initial 

trial (OL-1 ) were used to  select appropriate threshold levels of the  feedback signals for 

closed-loop control. The remaining two trials were conducted using: 1) the closed loop 

controller (CL) w ith initial stim ulation am plitudes similar to  those used in the first trial, 

and 2) the open-loop controller using high stim ulation levels (OL-h) com parable to  those 

reached at the end of closed-loop control. The OL-h tria l was designed to  provide a better 

comparison between the standing achieved using open- and closed-loop control by selecting 

elevated stim ulation levels in order to preem pt muscle fatigue (Kobetic et al., 1999). The 

initial objective of this study was to  dem onstrate th a t standing could be achieved for a 

duration of 15 min. For this reason, during OL-h trials stim ulation was term inated  after 

15 min. However, CL trials were allowed to  continue until either the G RF provided by 

the two hindlimbs was insufficient for load bearing, or the standing posture (the balance of 

knee and ankle joint angles) could no longer be m aintained. The anim als were given i.v. 

injections of dextrose and were allowed to  rest for 30 min after the OL-1 tria l and at least 1 

hr between each subsequent trial. The CL and OL-h trials were not perform ed in the same 

sequence in all animals to  minimize order effects on the overall results of the study.

3 .2 .5  D a ta  A c q u is itio n  and  A n a ly sis

The raw accelerometer and force signals as well as the stim ulation control signals generated 

by the controller were acquired at a ra te of 2083 sam ples/s using CED Power 1401 analog-
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to-digital board and Spike2 d a ta  acquisition software (Cambridge Electronic Design, Ltd., 

Cambridge, UK). D a ta  analysis was completed using custom  w ritten  routines for M atlab 

V7.0 (The M athW orks Inc., Natick, MA, US).

The video recordings were digitized and the x-y coordinates of each of the joint markers 

were extracted  using a custom software package (MotionTracker2D) w ritten  in M atlab by 

Dr. Douglas Weber (University of P ittsburgh, P ittsburgh , PA, USA). The m otion of both  

hindlimbs was reconstructed using the coordinates of the markers as well as the measured 

lengths of the limb segments. Each frame was calibrated in the x and y axes to  correct for 

skew introduced by the camera angle. The resulting values were used to  reconstruct stick 

figures from which ankle and knee joint angles were extracted. A flashing light em itting 

diode (LED) located w ithin the video field of view of the cameras was used to  synchronize 

the kinematic and kinetic data.

For analysis and representation, the left and right GRFs were normalized to  the lower 

limit of the acceptable force range for each leg (12.5% full body weight - 1 N). The duration 

of standing achieved was determ ined by comparing the sum of the left and right GRFs to a 

summed threshold value (25% full body weight - 2 N). The period of tim e after which the 

animal was unable to  m aintain the GRFs above this threshold level was determ ined to  be the 

duration of standing. This was done in order to  differentiate between the  actual collapse 

of standing and postural shifts during which the weight of the anim al was dynamically 

transferred from one limb to  the other while still m aintaining to tal load-bearing forces.

The ra te  of force decay was calculated for each leg as the difference between the GRF 

achieved during the first 10 s of the trial and the GRF m aintained by th a t leg at the 

end of standing. This change in force was expressed in term s of the percent of the to tal 

body weight of the anim al divided by the duration of standing (% BW /m in). An indication 

of the am ount of current required to  generate standing was determ ined by summing the 

instantaneous current applied through all electrodes over the course of standing and dividing 

by the duration of standing achieved. Variance in the forces achieved in the left and right 

legs during each tria l was calculated for all d a ta  points (n) as the squared difference between 

the recorded G RF and the threshold value ((force - threshold)2/n ) . The balance between
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the two legs was calculated as the average percent difference in loading throughout the trial. 

For the force calculations, the raw signal (2083 sam ple/s) was down-sampled by a factor of 

2 and filtered at 30 Hz.

3.3 R esults

A to tal of 9 IM-S and 4 ISMS experiments were conducted for this study. The criteria 

used to  define functional standing were: 1) to  have balanced loading of each leg, and 2) to 

m aintain a prolonged standing posture. Some degree of standing was achieved using open- 

and closed-loop control in all of the IM-S experiments and 3 of the 4 ISMS experiments. 

Movements were elicited in all ISMS experiments by applying 25 Hz interleaved stim ulation 

through pairs of microwires, whereas in IM-S experiments 50 Hz non-interleaved stim ulation 

was applied through single electrodes. In one of the four animals im planted w ith ISMS 

arrays, the prefabricated wires were too short and could not reach the  targe t locations 

within the ventral horn. For this reason, sufficient extensor force for standing could not 

be generated while applying safe levels of stim ulation (<350 //A) through the microwires 

im planted in this animal. Results from this animal were not included in the analysis.

3 .3 .1  In itia l O p en -lo o p  C on tro l Trials

At the onset of each trial, visual inspection was used to  select stim ulation levels resulting 

in the balanced posture of the cat. However, unbalanced loading of each leg was typically 

seen during open-loop standing trials regardless of the stim ulation m ethod used (IM-S or 

ISMS). The d a ta  shown in figure 3.2 are taken from two OL-1 trials and are representative 

of left and right G RF imbalances observed in all OL-1 and OL-h trials. Standing was 

typically m aintained for the full duration of each OL-1 tria l due to  the 60 s lim it imposed 

by the experim ental protocol. However, the force profiles achieved using IM-S and ISMS 

had strikingly different features, prim arily in the ra te  of decay of the  GRFs. Intram uscular 

stim ulation trials were characterized by a rapid decay in GRF a t a ra te  of 26.77 ±  19.29 

% BW /m in (mean ±  standard  deviation) whereas ISMS dem onstrated a net potentiation 

of GRFs over the first 60 s of stim ulation (increases in GRF by 3.57 ±  7.52 % BW /m in).
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During OL-1 trials, less than  7% of the current required during IM-S standing (11.11 ±  

3.69 mA) was needed for standing w ith ISMS (0.80 ±  0.14 mA). Standing using ISMS 

was achieved by stim ulating through 6 (in one animal) or 8 (in two animals) microwires 

im planted bilaterally in the spinal cord.
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Figure 3.2: Ground reaction forces during open-loop control.
E xam ples o f ground reaction  forces for th e left (grey) and right (b lack) h indlim bs du rin g 2 OL-1 trials using (A ) 

non-interleaved IM -S and (B ) interleaved ISM S. S tim ulation  levels for th ese  tria ls were se lected  by  v isu a l in spection  
and resulted  in  im b alanced  forces in th e  tw o legs. G round reaction  forces were norm alized  to  th e  m in im um  force 

criteria for fu n ction a l sta n d in g  (12.5%  b o d y  w eight per hindlim b, equivalent to  4 .8  N  in  A  and  4 .0  N  in B ) ind icated
by th e  horizontal dashed  line.

3 .3 .2  In tram u scu lar  S tim u la tio n  vs. In trasp in a l M ic ro stim u la tio n

A more detailed comparison of standing achieved using non-interleaved IM-S and interleaved 

ISMS was perform ed based on results from OL-h and CL standing trials.

Open-loop control

Figure 3.3 shows d a ta  from OL-h trials conducted using IM-S (A) and ISMS (B). The groups 

of 4 stick figures at the  top of the figure indicate the kinematics of the  left and right legs of 

the animal im mediately prior to the onset of stimulation, w ithin the first 30 s of stimulation,
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within the last 30 s of stim ulation, and immediately after the term ination  of stimulation. 

Also shown are the full sequences of stick figures representing the posture of the cat at 10 s 

and 30 s tim e intervals throughout the IM-S and ISMS trials, respectively. Non-interleaved 

intram uscular stim ulation was characterized by a rapid decay in the  G RF (normalized, first 

trace) and joint angles (bottom  two traces), whereas, interleaved ISMS resulted in GRF 

and joint angles which typically remained stable after an initial period of potentiation. The 

duration of standing achieved during the IM-S trial is indicated by the arrow on the x-axis 

a t 1.83 min. The ISMS tria l was term inated before the collapse of standing due to  a 15 min 

time-limit imposed by the experim ental protocol. The rates of force decay for these IM-S 

(27.08 % BW /m in) and ISMS trials (0.47 % BW /m in) are representative of all OL-h trials 

conducted using the two stim ulation techniques (sum m ary d a ta  provided below).
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Figure 3.3: Open-loop control o f IM -S  and ISM S.
D ata  from  O L-h tr ia ls  conducted  using non-interleaved IM-S (A) and  interleaved ISM S (B ). T h e  groups of 4 stick 

figures in th e  to p  row ind ica te  th e  k inem atics of th e  left and  right hindlim bs of th e  an im al im m ediately  prior to  the  
onset of stim u la tion , w ith in  th e  first 30 s of s tim ulation , w ith in  th e  last 30 s of stim u la tion , and  im m ediately  after 

the  term in a tio n  o f s tim u la tion . T h e  sequences of stick figures in th e  2nd and 3rd  rows show th e  h indlim b k inem atics 
a t 10 s and 30 s in tervals th ro u g h o u t th e  IM-S and  ISMS tria ls , respectively. T he norm alized  G R F  (first trace) and 
jo in t angle signals (b o tto m  two traces) show a rapid  decay in th e  m uscle responses du ring  IM -S, b u t rem ain  stable  

after an in itia l period  of p o ten tia tio n  during  ISMS. N ote th a t  th e  tim e  scales are  different in A an d  B.

The stim ulation am plitudes applied during OL-h trials using IM-S often resulted in 

hyperextension of the knee and ankle joints. This occasionally resulted in the hip joint
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being elevated above the iliac crest. As the stim ulated muscles fatigued, the anim al’s 

posture adopted a more norm al stance with the hip inline or below the iliac crest. This 

behavior was limited to  the use of IM-S and was not seen when using ISMS.

Closed-loop control

During each CL trial, periods of stable standing were achieved by selecting appropriate 

GRF and joint angle threshold ranges based on the levels recorded during an  initial OL-1 

trial. Three different standing postures were achieved using closed-loop control of IM- 

S: hyper-extended standing, standing with oscillations, and stable standing w ith postural 

shifts. Hyper-extended standing was due to  the high priority given to  m aintaining GRF 

levels resulting in an uncom pensated hyper-extension of the knee joint. Standing w ith oscil­

lations occurred when an excessively large stim ulation increment was used during am plitude 

modulation. Selecting an appropriate stim ulation increment was difficult due to  the sharp 

force recruitm ent profile and hysteresis properties of the muscles. This resulted in a large 

amount of variability in the response generated for small changes in the stim ulation ampli­

tude. Increm ents of 0.75 mA applied every 600 ms typically resulted in oscillations (data 

not shown), whereas, 0.25 mA increments provided sm oother responses during closed-loop 

control. Stable standing w ith postural shifts was a desirable result of closed-loop control. 

A postural shift was characterized by a decrease in GRF in one limb w ith a corresponding 

increase in G RF of the o ther limb. This introduced some unevenness in the G RF and joint 

angles allowing stim ulation levels to  be decreased in some muscles and increased in others. 

During a postural shift the to ta l force exerted by bo th  hindlimbs was m aintained within 

the threshold range; thus, load-bearing standing was preserved. A lthough ISMS typically 

generated stable GRFs, postural shifts were achieved in several IM-S trials through the 

corrective responses of the closed-loop controller.

Figure 3.4 shows d a ta  taken from one tria l in which an 8.50 min period of standing 

was achieved using closed-loop control of IM-S. The stick figures and plots shown have 

the same form at as those in figure 3.3 bu t are separated for the left and right legs and 

include an additional trace indicating the level of stim ulation applied through each IM-S
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electrode (ankle extensor - dashed; knee extensor - solid). The upper and lower limits of 

the threshold ranges for G RF and joint angles are indicated by the horizontal dotted  lines. 

Throughout this tria l the stim ulation of the knee extensor was increased in both  legs in 

order to  m aintain the GRF and knee angle within the acceptable ranges. Several periods 

of ankle hyper-extension occurred as a result of the steep force recruitm ent curve of the 

ankle extensor muscle, and the  differential muscle fatigue of the knee and ankle extensor 

muscles. In this example, as the stim ulation to  the left ankle extensor muscle (gastrocnenius 

lateralis) was increased to  m aintain the ankle joint angle w ithin the acceptable range, there 

was a sharp increase in the force generated by this muscle, causing the ankle joint to hyper- 

extend. This was coupled shortly after with a flexion of the left knee as the knee extensor 

muscle fatigued, allowing the knee flexor component of gastrocnemius lateralis to  dom inate 

the knee movement. The controller responded by decreasing the stim ulation to  the ankle 

extensor which resulted in the ankle joint angle returning to  w ithin the acceptable range. 

Coupling of knee flexion w ith ankle hyper-extension was not seen unless the  knee extensor 

was fatigued. In the  absence of fatigue, the knee extensor force was typically sufficient to 

m aintain knee extension in the presence of the flexor component of gastocnemius lateralis 

(e.g., right ankle and knee joint extension a t 4 min). The kinematics of these movements 

were well captured in the sequence of stick figures, showing d ata  taken a t 15 s intervals 

throughout the trial. This tria l was term inated when the left and right knee stim ulation 

amplitudes reached the maximum safe stim ulation level (20 mA) and it was apparent th a t 

no further m odulation of knee angle or GRF could be achieved.

Figure 3.5 shows d a ta  taken from one trial where a 28.33 min period of standing was 

achieved using closed-loop control of ISMS. The plots are form atted the same as those in 

figure 4 except for the stim ulation am plitude traces which have been divided into the two 

channels providing ankle extension and the two generating knee extension for the left and 

right legs. The sequence of stick figures a t the top right of the figure represent kinematic 

d a ta  taken a t 60 s intervals throughout the duration of standing. The G RF and joint angles 

achieved using ISMS were very stable and required only minor changes in the amplitude 

of the stim ulation applied in order to  m aintain the standing posture. T he am plitude of
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Figure 3.4: Closed-loop control o f IM-S.
T h e  G R F s, jo in t an gles and s tim u la tion  am p litud es for th e  left (left co lum n ) and right (right co lum n ) hindlim bs  

during one CL tria l usin g  IM -S. T h e groups o f  4 stick  figures (b ox, top  left) ind icate  th e  k in em atics o f th e  left and  
right h in d lim bs o f th e  an im al im m ed ia te ly  prior to  th e  onset o f  s tim u la tion , w ith in  th e  first 30  s o f stim u la tion , 
w ith in  th e  la st 30 s  o f stim u la tion , and im m ed iately  after th e  term in ation  o f stim u la tion . T h e  seq uences o f stick  

figures (top  right) show  th e  k in em atics o f th e  h indlim bs at 10 s intervals th rou gh ou t th e  8 .50  m in -lon g  IM -S trial. 
T h e upper and lower lim its  o f accep tab le  G R F  and jo in t angle ranges are in d icated  by th e  horizontal d o tted  lines. 

T hroughou t th is  tr ia l th e  am p litu d e  o f stim u la tion  to  th e  knee (so lid ) and ank le (d ash ed ) ex ten sors  w as m od ulated  
in b oth  legs in  order to  m ain ta in  th e  G R F  and angle signa ls w ith in  th e  accep tab le  ranges. T h is  sequence show s an 

exam ple o f  th e  effect o f s teep  m u scle  force recruitm ent and differential m uscle fatigue causing  th e  ankle to  hyper
ex ten d  and th e  knee angle to  collapse.

stim ulation to  the ankle extensors was decreased and m aintained at the minimum level 

in both  legs, and the am plitude of stim ulation to the left knee extensor stim ulation was 

increased slightly as the G RF decayed below the minimum acceptable range. Periods of 

knee collapse and ankle hyper-extension were not encountered in any of the trials with 

ISMS.

Sum m ary

The GRF d a ta  for all standing trials conducted in this study are shown in figure 3.6. 

Intram uscular stim ulation trials using OL-h and CL control are shown in A and B, and 

ISMS trials using OL-h and CL control are shown in C and D. Each th in  grey line represents 

the GRF from a single tria l normalized to  the lower bound of the acceptable force range
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Figure 3.5: Closed-loop control o f ISM S.
T h e G R Fs, jo in t angles and stim u la tion  am p litud es for left (left co lum n ) and right (right co lum n ) h indlim bs during  

one CL tria l u sin g  ISM S. T h e  groups o f 4 stick  figures (b ox, to p  left) in d ica te  th e  k in em atics o f th e  left and right 
hindlim bs o f th e  anim al im m ed ia te ly  prior to  th e  onset o f stim u la tion , w ith in  th e  first 30 s  o f stim u la tion , w ith in  th e  

last 30 s o f s tim u la tion , and im m ed ia te ly  after th e  term ination  o f stim u la tion . T he seq u en ces o f stick  figures (top  
right) show  th e  k in em atics o f th e  h indlim bs a t 60 s intervals th rou gh ou t th e  28 .33  m in -lon g  ISM S trial. T h e  upper  

and lower lim its  o f th e  G R F  and jo in t angle  accep tab le  ranges are in d icated  by th e  horizontal d o tte d  lines. T h e  
am p litud e o f s tim u la tio n  app lied  to  th e  ank le extensor m uscles rem ained stab le  for th e  m ajority  o f th e  trial. 

Increased s tim u la tion  w as app lied  to  th e  left knee extensor a t 19 m in due to  a  progressive red u ction  in th e  G R F.

for standing (indicated by the horizontal line at 1). The time at which each th in  trace falls 

and remains below this critical level is determ ined to  be the time of failure of standing for 

th a t trial. The thick black line in each plot represents the average of all of the GRF d ata  

calculated up to  the duration of the shortest trial in each group.

The most striking difference between trials conducted using non-interleaved IM-S (A 

and B) and interleaved ISMS (C and D) is the ra te  of decay of the forces. Intram uscular 

stim ulation is characterized by rapid muscle fatigue while ISMS is able to  elicit prolonged 

and stable force generation. Using open-loop control of ISMS, in two separate trials, 15 

min-long periods of standing were achieved before the stim ulation was term inated at the 

time-limit imposed by the experim ental protocol. One tria l was conducted in the ISMS
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Figure 3.6: Ground reaction forces.
T h e G R F s recorded du rin g a ll stan d in g  tria ls. D a ta  from  non-interleaved IM -S tria ls u sin g  O L-h and CL control are 
show n in A  and B , and d a ta  from  interleaved ISM S tria ls using O L -h and CL control are show n in C and D . Each  

th in  grey line represents th e  G R F  from  a  single tria l norm alized to  th e  lower bound o f th e  accep tab le  force range for 
stan d in g  (in d icated  by  dash ed  line a t 1). T h e  dark line is th e  average o f  a ll tria ls tak en  u n til th e  term in ation  o f th e  

sh ortest trial. T h e  G R F s du rin g IM -S tria ls decayed rapidly to  th e  th reshold  level, w h ile  ISM S generated  m ore 
fatigue resistant m u scle respon ses. C losed -loop  control resu lted  in  an ex ten sio n  o f th e  tim e  before th e  IM -S evoked  

sta n d in g  fell below  threshold . N o te  th a t th e  tim e scale  is different in  D.

implanted anim al in which sufficient forces could not be generated w ithin safe stim ulation 

levels. The G RF d a ta  for this trial is not shown and was excluded from the average for 

this group. A lthough the force generated in this animal was not strong enough to  achieve 

prolonged load-bearing standing, the force decayed a t a ra te  similar to  those seen during 

other ISMS trials. Three closed-loop trials were conducted using ISMS. One failed quickly 

because an insufficient rest period (1 hr) was given between trials during the experimental 

session. The two prolonged CL trial using interleaved ISMS (28.33 and 32.00 min-long) 

were conducted after allowing 2-3 hrs rest between trials and resulted in standing th a t was 

more th an  3 times longer th an  the best CL trial using non-interleaved IM-S (8.50 min).

Figure 3.7 provides a sum m ary of the duration of standing (A), ra te  of force decay (B), 

average injected current (C), variance in force from threshold (D), and balance between the 

left and right legs (E) during all OL-h and CL trials using non-interleaved IM-S (dark bars) 

and interleaved ISMS (white bars). S tudent’s t-tests (P <  0.05) were performed comparing
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control strategies (*), stim ulation paradigms (**) and CL IM-S and OL-h ISMS (***). 

The ISMS trials conducted using the OL-h controller required an average current of 1.24 

mA in order to  generate 12.11 min of load-bearing standing. Intraspinal microstimulation 

used much less current th an  required during IM-S (~2.2% ) and could achieve prolonged 

standing in most cases. The ra te  of decay of GRF during the ISMS OL-h trials was 1.65 ±

1.03 % BW /m in, indicating a significantly slower ra te  of fatigue th an  th a t seen using IM-S 

(30.65 ±  16.70 % B W /m in). In  all cases ISMS resulted in significantly less variance in the 

forces during standing. The balance of the loading between the hind legs was significantly 

improved when using CL control of ISMS and IM-S.

The results of the trials conducted using various modes of stim ulation indicate th a t 

interleaved ISMS is able to generate prolonged, stable, fatigue-resistant standing when 

compared to  non-interleaved IM-S.

3 .3 .3  O p en -lo o p  v s . C lo sed -lo o p  C on trol

The OL-h and CL control paradigm s were compared based on the duration  of load-bearing 

standing achieved, the ra te  of force decay, and the average injected current. In figure 6A and 

B it can be seen th a t the forces during OL-h trials using IM-S decay below the acceptable 

GRF level sooner and a t a faster ra te  than  during CL trials. The sum m ary results shown 

in figure 3.7 dem onstrate th a t for standing evoked by IM-S (black bars), the duration of 

standing achieved was prolonged significantly (S tudent’s t-test, P  <  0.05) when using CL 

control (4.24 ±  2.35 min) as opposed to  OL-h control (2.60 ±  1.47 min). This increase 

in duration of IM-S evoked standing when using CL vs. OL-h control was coupled with 

a significant (S tudent’s t-test, P  <  0.05) decrease in the ra te  of force decay (7.64 ±  11.31 

vs. 30.65 ±  16.70 % BW /m in, respectively) and average injected current (44.54 ±  12.07 vs. 

55.11 ±  11.59 mA, respectively).

Summary d a ta  from ISMS trials conducted using OL-h or CL control paradigm s are 

shown in figure 3.7 (white bars). The duration of standing during ISMS trials conducted 

using the OL-h and CL controllers cannot be readily compared due to  the fact th a t all OL-h 

trials were term inated after 15 min, even in cases when the forces had not yet decayed below

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 3. RESTORING STANDING AFTER SCI 88

A D uration  o f s tan d in g

40
■ IM 
□ ISMS

— 30

20.1
o 20

12.11

4.24
2.60

IM-S ISMS IM-S ISMS

B R ate  o f fo rce  d e c a y  
*

60 -j

E 40
1  130.65
*

20

| **

C A v e ra g e  in jec ted  cu rren t

IM-S ISMS 
OL-h

D F o rce  v a ria n c e  

*

IM-S ISMS 
CL

* * *

IM-s ISMS 
OL-h

IM-s ISMS 
CL

IM-s ISMS 
OL-h

IM-s ISMS 
CL

E F o rc e  im b a la n ce

80 n

or 0 
8 60

£  M  —  . 1 , 39.29
40-

f  ■  ■
20 ' 11.36

1 ■ __ m n n
IM-s ISMS 

OL-h
IM-s ISMS 

CL

Figure 3.7: Sum m ary o f results.
A sum m ary o f th e  du ration  o f  stan d in g  achieved (A ), th e  rate o f fa tigu e  o f th e  m uscle in term s o f  th e  decay in G R F  

produced (B ), th e  average am ou nt o f current delivered to  th e  h indlim bs per m in ute (C ), th e  variance o f  left and  
right force from  th e  G R F  th resh o ld  in N ew ton s (D ), and th e  im balance betw een  th e  left and right legs as a percent 

of lim b loading (E ) for all non-interleaved IM -S (dark bars) and interleaved ISM S (w h ite  bars) tria ls. T h e  num ber of 
tria ls con d u cted  u sin g  IM -S w ith  CL and O L-h are 13 and 10, respectively . T hree tr ia ls  w ere con d u cted  u sin g  ISM S  
w ith  b oth  CL and  O L-h. Error bars in d icated  one standard d ev ia tion  and  significan t d ifferences (S tu d e n t’s t- te s t , P  
<  0.05) betw een  control s tra teg ies  (*), stim u la tion  paradigm s (**) and CL IM -S and  O L -h ISM S (***). T h e  ISM S  
duration  o f stan d in g  for th e  O L-h group w as lim ited  to  15 m in in th e  exp erim en ta l p rotoco l. T h is  group is marked  

w ith  a  sta r  (*) in  A  and w as not included in th e  sta tis tic a l com parison  for d u ration  o f stand ing .

threshold. A lthough significance was not reached (due to  the small sample size for ISMS) 

there is an apparent decrease in force variance and imbalance in the hindlimbs when using 

closed-loop control.
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3.4 D iscussion

Postural control of standing in the intact neuromuscular system provides 3 m ain functions:

1) full weight support of the body, 2) balance of the body over the base of support, and 3) 

stabilization of the body during movements (Rothwell, 1995). The first two functions are 

critical for m aintaining quiet standing and the th ird  becomes im portant prim arily during 

functional reaching tasks or in the presence of external perturbations. The requirements 

used in this study to  define successful standing were: 1) balanced loading of each leg, and

2) maintenance of a prolonged standing posture. Since perturbations could not be easily 

applied in our experim ental setup, we cannot comment on the extent of the stabilizing 

support system  th a t would be needed. These criteria were used to  evaluate the relative 

effectiveness of the  different stim ulation paradigms (IM-S and ISMS), and control strategies 

(open- and closed-loop) implemented in this study. An anaesthetized cat model was used 

to resemble in p art conditions of complete spinal cord injury in which descending input 

and long loop reflexes are disrupted. The same model was used in all trials so th a t valid 

comparisons could be made between stim ulation paradigm s and control strategies.

3.4 .1  S tim u la tio n  P arad igm s

Two different stim ulation paradigm s were tested: non-interleaved IM-S and interleaved 

ISMS. Intram uscular stim ulation is a well established technique th a t can be implemented 

easily and consistently w ith open surgery. It also corresponds to  the peripheral mode of 

muscle activation most widely employed in existing clinical and experim ental systems for 

restoring functional standing. In these systems, small numbers of FES channels (typically

1-4 per leg) are used to  activate large muscles (e.g., quadriceps and gluteus) to  generate 

standing force. The IM-S approach taken here is comparable in th a t we stim ulated the 

m ajor extensors of the c a t’s hindlimbs. Peripheral FES is typically characterized by the 

reversed recruitm ent order of m otor units (MUs) (M ortimer, 1990) leading to  two conse­

quences: 1) steep force recruitm ent w ith small increments in stim ulation current, and 2) 

rapid decay in force due to  fatigue. The strong muscle twitches generated by the MUs with 

lower FES thresholds result in large increases in the force generated for small increments
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in stim ulation am plitude at levels just above m otor threshold. At higher stim ulation am ­

plitudes, large stim ulation increments are required to  achieve small changes in the muscle 

force produced. A hysteresis effect also occurs, resulting in a difference between the recruit­

ment and derecruitm ent profiles of the muscle. The non-linearity and hysteresis of the force 

recruitm ent curve make it difficult to  generate graded muscle responses using peripherally 

applied FES.

Due to  the preferential activation of fast MUs during peripherally applied FES, high 

stim ulation frequencies (>20 Hz) must be utilized in order to  achieve strong, fused mus­

cle contractions. W hereas, in physiologically activated muscle, MUs typically fire asyn- 

chronously at 10-15 Hz during normal movements (Rothwell, 1995). The high stim ulation 

frequencies required during FES result in an increase in the ra te  of muscle fatigue possibly 

through failure of the contractile mechanism of the muscle fibre (Rothwell, 1995). This ra te 

of fatigue can be reduced by using interleaved stim ulation applied to  synergistic MUs in 

order to  generate fused contractions at lower stim ulation frequencies. Interleaving requires 

the ability to  activate multiple groups of MUs within the same muscle. This can be achieved 

using various FES devices including intraspinal arrays (M ushahwar et al., 2002; Pikov and 

McCreery, 2004), m ulti-site cuff electrodes (Veraart et al., 1993; Tyler and D urand, 2002), 

or intra-fascicular electrodes (Yoshida and Horch, 1993; McDonnall et al., 2004). Another 

m ethod is to  use stim ulation rotation, where groups of MUs axe stim ulated a t high fre­

quency for a short duration of time before a different group is activated (Lanmuller et al.,

1999). Alternatively, surface FES can be used to  activate synergistic muscles in a cyclic 

pattern  (K rajl et al., 1986).

The fact th a t the fast fatigable MUs are recruited first also m eans th a t the initial level 

of force generated cannot be m aintained for the prolonged periods of tim e required for 

functional standing. A more physiological MU recruitm ent order can be achieved using pe­

ripheral FES by applying various techniques including novel stim ulation waveforms (Fang 

and M ortimer, 1991), m ulti-site flat interface nerve electrodes (FINEs) (Tyler and Durand, 

2002), or longitudinal intrafascicular electrodes (LfFEs) (Yoshida and Horch, 1993) to  acti­

vate selectively axons w ithin a nerve. An alternative m ethod is to  apply stim ulation to the
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ventral horn of the spinal cord in order to  activate indirectly populations of motoneurons 

residing there. Direct extracellular activation of spinal m otoneurons results in reversed 

recruitm ent similar to  th a t seen w ith peripheral FES. However, the abundance of interneu­

rons and fibres in passage in the ventral horn of the spinal cord means th a t these cells 

are most likely activated first, resulting in the recruitm ent of m otoneurons in their normal 

physiological order through trans-synaptic pathways (Bamford et al., 2005; G aunt et al., 

2006). Fibres in passage (e.g., propriospinal neurons) may also be activated in the white 

m atter adjacent to  lam ina IX plays a role. This physiological recruitm ent order explains 

in part the ability of ISMS to generate more graded and fatigue resistant muscle responses 

(Mushahwar and Horch, 1997) when compared to  peripheral nerve stim ulation.

The graded and fatigue resistant contractions generated using ISMS improved the sta­

bility of the responses seen during closed-loop control of standing. During closed-loop mod­

ulation of stim ulation levels, instability occurred when using IM-S due to  the steep force 

recruitm ent curve, and the differential rates of fatigue between the gastrocnem ius lateralis 

and vastus lateralis muscles. In order to  compensate for extrem e muscle responses with 

IM-S, the closed-loop controller was designed with an interface allowing the user to  select 

small stim ulation increments for each channel individually. The use of small increments 

resulted in a closed-loop IM-S system which was responsive and stable at low stim ulation 

levels bu t responded more slowly when operating a t high stim ulation levels (due to  the 

decreased slope of the force recruitm ent curve). Open-loop control did not depend heavily 

on the ability to  generate precision changes in muscle force once the initial stim ulation lev­

els had been selected bu t did occasionally dem onstrate imbalances in ankle and knee joint 

angles during IM-S due to  the differential rates of fatigue of the two extensor muscles. Im­

balances in the ankle and knee joint angles were not seen in any of the trials w ith ISMS. It 

is possible th a t during ISMS the same spinal circuitry involved in the physiological recruit­

ment order of m otoneurons also provides a more natu ral balance of the muscle activation 

during synergistic extensor movements (Wilmink and Nichols, 2003). This would avoid the 

differential fatigue of various muscle groups and thereby prevent imbalances of the knee 

and ankle joints.
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An additional advantage of ISMS is the ability to  im plant m ultiple stim ulating mi­

crowires into a single targe t region within the spinal cord, meaning th a t multiple control 

channels can be used to  generate a single movement w ithout increasing the complexity of 

the system. In  this study, interleaved patterns of stim ulation were applied through pairs of 

microwires activating different MUs within a common muscle. This allowed the stim ulation 

frequency to  be reduced from 50 pulses/s for a single channel to  25 pulses/s interleaved 

between two channels. The reduced stim ulation frequency is likely to  have significantly 

contributed to the prolonged muscle force generated during ISMS-evoked standing by al­

lowing the additional recovery time for the MUs between stim ulation pulses (M ushahwar 

and Horch, 1997).

The to ta l current needed by ISMS was significantly lower than  th a t required for IM-S 

(figure 3.7C). This factor is of particular value when designing a clinical system in which 

the lower power requirem ents can result in extended ba tte ry  life.

The ISMS technique is currently under development and further work is needed to 

achieve more accurate and stable targeting of m otoneuron pools w ithin the spinal cord. 

Nonetheless, the ISMS results presented here dem onstrate the feasibility of this technique 

and the potential benefits of its use in systems for restoring standing.

3 .4 .2  C o n tro l S tr a teg ies

Clinical and experim ental FES systems th a t use a wide range of control strategies for 

restoring standing after SCI are currently in existence. The control of standing can be 

achieved through continuous or s ta te  control approaches. Systems th a t use continuous 

control make stim ulation decisions based on the instantaneous sensor signals as well as the 

ra te  of signal changes and cumulative error. W ith the careful selection of param eters, the 

use of continuous control in non-biological systems can result in improved tracking speed 

and reduced errors. However, the use of continuous control in physiological systems is 

difficult to  im plement and requires time-consuming param eter tuning (Wood et al., 1998). 

This is prim arily due to  the fact th a t the in p u t/o u tp u t function of muscle is non-linear 

and changes continuously as the muscle fatigues. For this reason, we chose to  implement a
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state controller th a t m odulated the am plitude of stim ulation based on a lim ited number of 

system states defined by threshold values for GRFs and knee and ankle joint angles.

The hum an standing system can be modeled as an unstable inverted pendulum  (Loram 

et al., 2001). In this model the ankle acts as the base pivot point above which the weight 

of the body is supported on a single rigid leg segment. S tability can be achieved by locking 

the knee and stiffening the  ankle joint to  m aintain the  center of mass over th e  base of 

support provided by the foot. The cat model used in this study does not conform to the 

inverted pendulum  model due to the differences in standing posture between quadrupeds 

and bipeds. C ats stand  on their toes with bent knees (digitigrade posture), whereas, hu­

mans stand w ith the entire sole of the foot on the ground and a straight supporting limb 

(plantigrade posture). The state-driven closed-loop controller described here was designed 

for the digitigrade posture assumed by cats and was m eant to provide a comparison be­

tween the standing achieved by using open- and closed-loop control of various stim ulation 

methods. A lthough the differences in biomechanics between cats and hum ans prevents the 

direct translation of our control rules, our use of joint angles and reaction forces is consis­

tent w ith experim entally and clinically implemented FES systems for restoring standing in 

people with SCI.

Classical m ethods for restoring standing in individuals w ith paraplegia include the use of 

extensive knee-ankle-foot orthoses to provide a rigid support over which the centre of mass 

could be balanced using the voluntary control of the upper body and external supports. 

The most common approach for achieving standing w ith FES is to  stim ulate the quadriceps 

muscle in order to  counteract the collapse of the knee and to  m aintain the joint in a locked 

position. The duration of standing achieved using FES can be prolonged through the 

use of hybrid techniques such as the combination of ankle-foot orthoses (providing ankle 

stiffness) and FES applied to  the quadriceps muscle (providing a rigid supporting limb) 

(Davis et al., 1999). The ankle-foot othosis would replace the use of ankle joint feedback 

signals in our anim al model and allow a single channel of stim ulation per leg to  generate the 

limb extension forces. Due to  the fact th a t no additional G RF can be generated in humans 

once the knee is in the locked position, the force balancing feature of our controller would
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require additional muscles to  be stim ulated (such as the leg adductor/abductors) or the 

upper body to  be used to  provide balance voluntarily. In our quadruped model there was 

no an terior/posterior instability. However, these fore/aft movements have been addressed 

in other systems for hum an standing by using sensory feedback for voluntary correction 

of sway (Andrews et al., 1988) or by providing variable stim ulation to  the ankle muscles 

to generate appropriate joint stiffness (Hunt et al., 2001). Functional electrical stim ulation 

systems can be designed to  provide additional stability of the pelvis and lower back, allowing 

the user to remove a hand from the support when performing functional tasks (Triolo et al., 

1993).

The accelerometer configuration used to  measure the ankle joint angles of the cats was 

based on work done by Veltink and Franken (Veltink et al., 1996) in measuring knee angles 

in able-bodied humans. They found th a t a differential configuration consisting of accelerom­

eters placed above and below the joint gave the earliest detection of slowly occurring flexion 

of the knee, whereas, configurations w ith both  accelerometers placed on the  thigh segment 

resulted in the earliest detection of rapid unlocking of the knee (Veltink et al., 1996). Due 

to  the natu ra l ben t knee posture of the cat during standing, knee locking/unlocking did not 

occur during our experiments. Changes in posture were characterized by relatively slow 

movements making the cross joint accelerometer configuration appropriate for our study. 

We found th a t the accelerometers used in our system required calibration before the ini­

tiation of each tria l in order to  obtain the baseline angle from which variations could be 

calculated. For this reason, and because the success of closed-loop standing is heavily de­

pendent on the quality of the feedback signal, future clinical im plem entation of our control 

system would require developments to  the software in terpretation of the accelerometer sig­

nals for m easuring joint angles. Although standing posture was achieved in this study using 

open-loop control, the results did not consistently meet the functional standing requirement 

of balanced loading of each leg. Selection of stim ulation am plitudes based on visual inspec­

tion was shown to be an  ineffective m ethod of balancing posture, as dem onstrated by the 

large disparity between the GRF of each hindlimb during the OL-1 stim ulation trials shown 

in figure 3.2. The closed-loop controller was able to correct for these imbalances by increas­
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ing or decreasing the  stim ulation levels of the knee extensor muscle if the G RF fell below 

or rose above the acceptable force threshold range. The GRF level set for full load bearing 

of the hindlimbs was equivalent to  the force required to  support 25% of the to ta l weight of 

the animal. In a norm al unsupported standing cat, the hindlimbs support on average 46% 

of the to ta l body weight (Macpherson, 1988). The critical level for weight support used in 

this study was lower due to  the increased head and body support provided by the sling. 

During closed-loop control we used a range of GRFs corresponding to  12.5% of full body 

weight ±  1 N in each leg, which allowed postural shifts to occur while still m aintaining full 

load bearing and a good balance between the two legs. Postural shifts provided variability 

in the muscle activation during closed-loop control and were seen in some of the IM-S trials 

in this study. In  the future this feature may be extended to  ISMS by program ming shifts 

in the threshold GRF levels for the two legs.

In agreement w ith previous reports, our results indicate th a t closed-loop control of IM-S 

is capable of generating significantly longer durations of standing th an  when using open-loop 

control. Our closed-loop controller was more effective in m aintaining force since it applied 

the minimum level of stim ulation needed to  generate sufficient muscle contractions and 

avoid prem ature muscle fatigue. Prolonged standing through open-loop control required 

the initial selection of excessive stim ulation am plitudes in order to  preem pt muscle fatigue. 

This strategy is implemented in open-loop systems in which a strong quadriceps contraction 

ensures th a t the knee remains locked, preventing an inadvertent collapse of the standing 

posture. The use of interleaved ISMS, even when used w ith a simple open-loop controller, 

resulted in a prolongation of the duration of standing achieved when com pared to  non- 

interleaved IM-S. The addition of feedback rules during ISMS resulted in standing with 

balanced loading of the two legs. Although the duration of standing achieved for open- and 

closed-loop control of ISMS could not be compared statistically, the IM-S results suggest 

th a t closed-loop control could extend the duration of standing achieved w ith ISMS.
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3 .4 .3  C o n clu d in g  R em ark s

In this study we have dem onstrated further evidence th a t closed-loop control of FES-evoked 

standing results in prolonged periods of balanced, load-bearing posture when compared 

to open-loop control. Threshold-based rules were implemented w ith G R F and joint angle 

feedback signals in order to  minimize the stim ulation applied to  the ankle and knee extensor 

muscles while m aintaining standing posture. The use of interleaved ISMS resulted in a 

further increase in the  duration  of standing achieved due to  the improved fatigue resistance 

of the evoked muscle contractions. Taken collectively, the results of th is study suggest th a t 

prolonged periods of load-bearing standing can be achieved by using closed-loop control in 

conjunction w ith interleaved ISMS.
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C hapter 4

Locomotor-Related Networks in 
the Lumbosacral Enlargement of 
the Adult Spinal Cat: Activation  
through Intraspinal 
M icrostimulation *

“He who joyfully marches to music rank and file... has been given a large brain by 

mistake, since fo r  him  the spinal cord would surely suffice. ”

- A lbert Einstein

4.1 Introduction

In 1911, Brown dem onstrated th a t the spinal cord of m ammals is capable of generating

rhythm ic locomotor patterns in the absence of bo th  descending and afferent input (Brown,

1911). Later experim ents reaffirmed the existence of locom otor-related neural networks

within the lum bar spinal cord, and these networks are now commonly referred to  as central

pattern  generators (Orlovsky et al., 1999; Grillner, 1985). Experim ents aimed a t localizing

the most active or “leading” elements of the locomotor networks have been conducted in

in vitro preparations of the  neonatal spinal cord of ra ts  (Cazalets et al., 1995; Kjaerulff

’ A version of th is  c h ap te r  has been  published . © 2006  IE E E . R ep rin ted , w ith  perm ission , from: 
G uevrem ont L., R enzi C .G ., N o rto n  J .A ., Kowalczewski J ., Saigal R ., M ushahw ar V .K ., L ocom otor-R elated  
N etw orks in th e  L u m bosacral E n largem en t of th e  A d u lt Spinal C a t: A c tiv a tio n  th ro u g h  In trasp in a l M i­
crostim ulation , IE E E  Transactions on Neural System s and Rehabilitation Engineering, 2006, Sept; 14(3): 
266-272
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and Kiehn, 1996; Cowley and Schmidt, 1997; Kremer and Lev-Tov, 1997) and in vivo in 

adult cats (Orlovsky et al., 1999; Deliagina et al., 1983; M arcoux and Rossignol, 2000). 

These studies utilized techniques such as serial sectioning and application of pharmacologi­

cal agents. The findings resulted in the formation of two contrasting views: 1) the  “leading” 

elements of the locomotor networks are localized w ithin the more rostral segments of the 

lumbar cord (L1-L2 in ra ts  and L3-L4 in cats) (Cazalets et al., 1995; M arcoux and Rossignol,

2000), or 2) the locomotor networks extend more caudally, but their capacity to generate 

rhythm ic alternation decreases significantly in the most caudal lum bar segments (L4-L5 in 

ra ts  and L6-S1 in cats) (Kjaerulff and Kiehn, 1996; Cowley and Schmidt, 1997). Results 

from the la tte r studies also suggest th a t rhythm  generation originates in the medioven- 

tra l regions of the grey m atter (laminae VII and VIII) (Kjaerulff and Kiehn, 1996; Noga 

et al., 1995). A lthough the above studies prim arily made use of pharmacological activa­

tion of neural circuitry, tonic electrical stim ulation of the ventrolateral funiculus results in 

locomotor-like activity in the neonatal in vitro ra t preparation (Magnuson and H inder, 

1997).

In this study, we used constant am plitude (tonic) low-level intraspinal microstimulation 

(ISMS) through adjacently-located microwires in the ventral horn to  generate stepping-like 

patterns in the hindlimbs of adult, spinal cord-injured cats. The prim ary goal of the study 

was to  investigate the ability of tonic ISMS to elicit rhythm ic locomotor patterns when 

applied to  the ventral horn of the spinal cord of the adult cat. Secondary to  this goal, 

we evaluated the quality of stepping generated when stim ulation was applied to  various 

lumbosacral spinal segments. Our results suggest th a t tonic ISMS is capable of eliciting 

stepping patterns. Furtherm ore, ISMS applied to  the caudal regions (L7-S1) of the lum­

bosacral enlargem ent is more effective in inducing load-bearing, organized stepping-like 

movements in the hindlimbs th an  similar stim ulation applied to more rostral segments (L3- 

L6). Intraspinal m icrostim ulation could be a useful new technique for examining the nature 

and distribution of spinal locomotor-related networks. However, further investigations are 

required in order to  b e tte r understand the mechanisms of ISMS action and its effective 

spread in the spinal cord.
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4.2 M ethods

Five adult cats (4 male, 1 female, 2.5 - 5.5 kg) were used in this study. All experim ental 

procedures were approved by the University of A lberta Animal Welfare Committee. Each 

cat received a complete spinal transection at T i l  (techniques described elsewhere (Saigal 

et al., 2004)). C ats 1-4 were allowed to  recover for 2-6 weeks before the term inal exper­

iments. During the same surgical procedure, cat 5 also received a second lesion between 

L4/L5 and was allowed to  recover for 8 months before the term inal experim ent. During 

each term inal experim ent, microwires were im planted into the lum bosacral enlargement of 

the spinal cord and d a ta  were acquired.

4 .2 .1  E x p er im e n ta l S e tu p

Microwires were prepared using techniques described elsewhere (M ushahwar et al., 2000; 

M ushahwar and Prochazka, 2000) . Briefly, arrays of microwires were fashioned using 30 

/xm stainless steel wire (California Fine W ire, Grover Beach, California, USA) w ith 30-60 

Hm deinsulated and sharpened tips. The wires were spaced 2 mm apart and bent to  90°,

2.5 - 3.2 mm from the tip . These depths corresponded to  the interm ediate and ventral areas 

of the spinal cord (Rexed laminae VII to  IX).

The experim ental setup used in this study is the same as th a t previously described 

(Saigal et al., 2004). Under isoflurane anesthesia, each cat received a laminectomy and the 

microwires were im planted into the cord along the rostral-caudal axis of the lumbosacral 

enlargement (L3/L4 to  SI spinal segments; L6 to  SI in cat 5). Electromyographic (EMG) 

electrodes were im planted in the main hip, knee and ankle flexor and extensor muscles of 

each leg. The cats were then  decerebrated intercollicularly and anesthesia was discontinued. 

One hour after decerebration, the cats were transferred to  a body support harness suspended 

over a split-belt treadm ill w ith two embedded force plates.

4 .2 .2  In tra sp in a l M icro stim u la tio n  P r o to co l

Stimulus pulses (biphasic, charge-balanced, <100 pA, 200 /is, 40 or 50 pulses/sec) were 

delivered in Is trains through each microwire individually and stimulus thresholds (minimal
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stimulus level evoking a detectable muscle response) were noted. Com binations of up to  8 

adjacent (bilateral) microwires were then chosen and trains of threshold-level stimuli were 

delivered through them  simultaneously for 10-40 s. This stim ulation duration provided 

adequate time for the movements to  develop and allowed for their sustainability to  be 

assessed. Kinematic, kinetic and EMG d a ta  were recorded to quantify evoked hindlimb 

movements. The m ajority of ISMS trials were conducted w ith the treadm ill belts OFF. The 

belts were only tu rned  on (0.1-0.4 m /s) in order to  determ ine if ISMS-induced stepping is 

m odulated by afferent input (see Results).

4 .2 .3  D a ta  A c q u is itio n  and  A n a lysis

The EMG and kinetic (ground reaction force, GRF) d a ta  were recorded using CED Power 

1401 A /D  board and Signal 1.92 d a ta  acquisition software (Cambridge Electronic Design, 

Ltd., Cambridge, UK). The EMG records were band-pass filtered a t 30-1000 Hz, amplified 

500x and sam pled a t a frequency of 4000 Hz.

To assess the kinematics of hindlimb movements, reflective m arkers were placed on the 

iliac crest, and th ird  toe as well as the hip, knee, ankle and m etatarsophalangeal joints of 

the cats. The hindlimbs were filmed at 30 or 120 frames per second using 2 JVC digital 

video cameras positioned orthogonally to  the sagittal plane on bo th  sides of the cat. A 

stationary grid (10 x 10 cm) was used to  determine the pixel /  mm ratio  of the video frame 

and correct for out-of-plane distortions. D ata analysis was completed using custom w ritten 

routines for M atlab v6.5 (The M athW orks Inc., Natick, MA, US). The video was digitized 

and stick figures of the  hindlimbs were reconstructed using MotionTracker2D (Dr. Douglas 

Weber, University of P ittsburg , P ittsburgh, PA, USA). Stepping movements were observed 

to occur prim arily in the sagittal plane allowing the representation of the 3D movements 

onto a 2D plane for the purpose of stick figure reconstructions. The force signals were 

low-pass filtered (7 Hz) and a threshold-based algorithm  was used to  detect when the limb 

was unloaded (swing phase) and when it was loaded (stance phase).

Circular sta tistical analysis of rectified, low-pass filtered (4 Hz) EM G d a ta  was used to 

verify the phasic organization of flexor and extensor muscle activity during ISMS-induced
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stepping. Tim e of onset of EMG bursts were detected using a threshold-based algorithm 

described elsewhere (Yakovenko et al., 2005).

4 .2 .4  D e te r m in in g  L o ca tio n  o f  M icrow ire S ite s  in  th e  S p in a l C ord

Upon completion of the experiments, the animals were deeply anesthetized w ith sodium 

pentobarbital and perfused through the heart w ith a 4% formaldehyde fixative solution. 

The region of the spinal cord w ith im planted microwires was removed, carefully sliced 

along the plane of the microwires, and the locations of the  microwire tips were identified.

4.3 R esults

4 .3 .1  G en era tio n  o f  H in d lim b  A lter n a tio n  b y  T h resh o ld  L evel T on ic  S tim ­
u la tio n

The observation th a t  tonic ISMS in the ventral horn can generate locomotor-like stepping 

of the hindlimbs in chronically spinalized adult cats was first m ade in cat 1. This was 

seen during 1 s-long threshold-level stimuli delivered through a microwire im planted in the 

ventral region of the SI spinal segment (data not shown). This finding was then  investigated 

more rigorously in cats 2-5.

In cats 2-4, alternation of the hindlimbs was elicited by delivering threshold-level tonic 

stim ulation through groups of ISMS microwires im planted in the lum bosacral enlargement 

of the spinal cord. The m ean ISMS threshold level for all microwires across these three 

animals was 32 ±  2.4 fiA  (mean ±  standard  error of the mean).

Figure 4.1 A summarizes the microwire tip locations for cats 2-4, superim posed on one 

lumbosacral hemisection. The tip locations have been color-coded to  represent the limb 

movements elicited when stim ulating for 1 s through each of the microwires individually 

(with stimulus am plitudes ranging from 2-4x threshold). The elicited movements were 

broadly divided into ipsilateral flexion (grey), ipsilateral extension (white), and ipsilat- 

eral, contralateral or bilateral stepping (black). Stepping consisted of alternating  flex­

ion/extension movements w ith interlimb coordination. These stepping movements ranged 

from air-stepping to  partia l weight support and were elicited by stim ulating in laminae VII, 

VIII or IX. Figure 4. IB  summarizes the responses elicited through individual wires as a
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function of rostral-caudal location in the cord. The 110 microwires im planted across the 3 

cats were evenly d istributed between the L3-L6 region (51%) and the L7-S1 region (49%). 

Of the electrodes located in the rostral and caudal regions, 17.9% and 35.2%, respectively, 

generated alternating  movements when suprathreshold stim ulation was applied.

0 .5 m m

•  flexion
o extension
•  alternation

B
flex d 6xt
alternation 
total

£  10 *

L3-L4

Spinal S e g m e n t 

Figure 4.1: ISM S microwire implant.
(A ) Sum m ary o f all m icrow ire tip  location s superpositioned  on a sing le  h em isection  o f th e  cord. L ocation s are 

color-coded for respon se seen  w h en  stim u lu s w as delivered through each m icrowire for a du ration  o f Is. M ovem ents  
were characterized  as flexion (grey), ex ten sion  (w h ite) or ipsilateral, contralateral, or b ilateral a lternating  
m ovem ents (b lack ). T h e  lo ca tio n s inducing a lternation  are loca ted  prim arily  in lam in ae  V II and V III. (B ) 

D istrib u tion  o f m icrow ires and  e lic ited  m ovem ents as a fu nction  o f  sp in a l segm en t. Large bars in d ica te  to ta l num ber 
of w ires im p lanted  in  each  segm en t. Sm all bars ind icate  th e  num ber o f m icrow ires e lic itin g  each  o f  th e  m ovem ents

classified in A.

Figure 4.2 shows examples of sustained bilateral locomotor-like stepping generated in 

cats 2-4 by stim ulating at threshold levels through groups of 4-6 microwires im planted 

in the ventral grey m atter of spinal segments L7-S1. These d a ta  were obtained with the 

treadm ill belts OFF. Figure 4.2A shows the activity recorded during 5 seconds preceding the 

application of ISMS in cat 2 . Stepping d a ta  obtained during tonic ISMS stim ulation of cats

2-4 are shown in figure 4.2B-D. The stick figures represent frame-by-frame reconstructions 

of the limb kinem atics recorded during the 2  s period marked by the vertical do tted  lines. 

Also shown are the joint angles of the hip, knee, and ankle, bilateral G RFs and normalized,
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raw EMG d a ta  for selected extensor and flexor muscles in both. legs. The tip  locations of the 

microwires used in each tria l are indicated in the spinal cross sections at the bo ttom  of the 

figure. Excessive ro tations of the hind limbs were not seen in any of the cats allowing for the 

use of 2D kinem atic analysis. The responses seen in cat 2 were characterized by large fore/aft 

stepping movements of the legs, whereas cats 3 and 4 dem onstrated prim arily up/dow n 

alternation w ith increased levels of GRF. The average joint excursions for the hip, knee and 

ankle in cat 2 were 22°, 18° and 24° respectively and represented 78%, 56% and 67% of 

normal ranges of m otion (28°, 32°, 36°) seen in intact cats walking a t slow to medium speeds 

(Rossignol et al., 1996). Ground reaction forces during stepping sequences recorded across 

all cats ranged from ON (air stepping) to  6 N (51% of full load bearing of the hind quarters 

in our set up). As is typical after spinal cord injury, bursts of EMG activity  were dom inated 

by rapid oscillations (clonus) in all cases. However, neither the clonus (~12 Hz) nor the 

stepping-like bursting p a tte rn  (i.e., step frequency ~1 Hz) was time-locked to the stimulus 

frequency (40-50 Hz). C at 5 (the animal with a second lesion between L4/L5) responded 

to threshold-level tonic ISMS prim arily w ith a combination of bilateral hip extension and 

knee flexion (backwards and upwards movement of the legs). This anim al was highly spastic 

throughout the experim ent and did not dem onstrate organized alternation.

Figure 4.3 summarizes the phase relationships between bursting activity in the EMG 

d a ta  obtained during the same stepping sequences represented in figure 4.2B-D. The burst­

ing EMG activity of the muscle shown in the first column was used as the phase reference 

for each cat (shown in rows A-C). Each point on a circular plot represents the phase shift of 

a burst detected in the EMG d a ta  relative to  the EMG burst in the reference muscle. For 

example, the first three plots in C illustrate th a t ankle extensor activity  is in-phase with 

contralateral flexors and out-of-phase w ith contralateral extensors. T he num ber of bursts 

detected in each muscle (N) ranged from 11 in cat 3 (10 s stim ulation), to  33 in cat 2 (40 s 

stimulation). The mean angle and its dispersion are illustrated by the direction and length 

of solid arrow for each plot, and the angular standard  deviation (s, a sta tistical measure of 

dispersion) is indicated. The out-of-phase bursting seen between ipsilateral antagonists and 

contralateral agonists, and in-phase bursting seen between ipsilateral agonists is consistent
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Figure 4.2: Stepping-like movements induced by tonic ISM S in the absence o f other stimuli.
K inem atic, k in etic  and selec t E M G  (left tib ia lis  anterior - LTA, and le ft/r ig h t gastrocn em iu s lateralis - L G L /R G L ) 

activ ity  are show n for: (A ) a c tiv ity  before ISM S in cat 2 and (B -D ) a c tiv ity  during ISM S app lied  to  L 7-S1 regions of 
th e  sp inal cord in c a ts  2-4. T h e  average threshold  am p litud e for m icrow ires in th ese  exam p les w as 25 .6  ±  6.0 f i A  

(m ean standard  error o f th e  m ean). S tim ulu s frequency was 40 Hz for c a ts  2, and 50 Hz for ca ts  3 and 4. T h e  stick  
figures were recon stru cted  from  v id eo  and represent step s  taken in th e  interval betw een  th e  tw o  vertica l d o tted  lines 

show n in  each  d a ta  s e t .(A ) Prior to  ISM S, no jo in t angle or G R F  m od u la tion  occurred, and  o n ly  clonic m uscle 
activ ity  cou ld  b e  seen . (B ) D uring to n ic  ISM S, ca t 2 exh ib ited  step p in g  p a ttern s represented  by regular jo in t 

excursions and ground reaction  force a lternations. (C , D ) A ltern ation  in  c a ts  3 and  4 w as characterized  by sm aller  
ranges o f m ovem ent bu t increased  rhyth m ic loading o f th e  legs. In all cases, reciprocal E M G  a ctiv ity  w as v isib le  in 

ipsilateral flexors and exten sors and contralateral pairs o f antagon ist m u scles. V ertical sca le  show n on left. B lack
traces - left leg, grey traces - right leg.
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with alternating  gait patterns.
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Figure 4.3: Phase relationships between ipsilateral and contralateral flexor and extensor 
muscles.

R esults from  circu lar s ta tis tic s  ind ica te  in-phase EM G  activ ity  betw een ipsilateral agonists and  con tra la tera l 
an tagonists. O ut-of-phase ac tiv ity  is seen betw een co n tra la te ra l agonists. Rows A -C rep resen t d a ta  ob ta ined  from 

stepping sequences in c a ts  2-4. E ach po in t on th e  po lar p lo ts represents a  b u rst in th e  E M G  d a ta  and  its  phase shift 
w ith respect to  th e  b u rs ts  de tec ted  in th e  reference m uscle ind ica ted  in th e  first colum n. T h e  d irection  of th e  arrow  
indicates th e  average angle and  its  leng th  represents th e  dispersion of th e  d a ta . P lo t labels indicate: left or righ t (L 

or R) h ip extension (H E ), h ip flexion (H F), ankle extension (A E), ankle flexion (A F ), num ber of b u rs ts  detected
(N ), and  angu lar s ta n d a rd  dev iation  (s).

4.3.2 Effect of Afferent Input on the Rhythm  Elicited by ISMS

We also investigated the interaction of ISMS with sensory activation of spinal locomotor 

networks. The effect of afferent input on the ISMS evoked-stepping was examined in cats 3 

and 4 by turning the treadm ill belts on at various speeds during ISMS-evoked alternation 

(figure 4.4). D ata points in figure 4.4 represent the duration  of stance and swing phases 

for steps taken at different treadm ill speeds with and w ithout ISMS (circles and triangles, 

respectively). In bo th  cases, as the treadm ill speed increased the step frequency also in­

creased, which was prim arily achieved through a shortening of the stance phase w ith little 

change in the swing phase. These examples dem onstrate th a t the locomotor-like stepping 

generated by the application of tonic, low-level ISMS can be m odulated by afferent input
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in a manner similar to  th a t seen during normal stepping (Halbertsm a, 1983). This in­

dicates th a t ISMS allows natural step cycle m odulation to  occur and does not block the 

transm ission of afferent input to  the spinal cord.
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Figure 4.4: Modulation o f I  SMS-generated stepping by afferent input.
Shown are exam p les  o f  th e  effect o f afferent in p u t on th e  sw ing  and sta n ce  du rations o f  caudal ISM S-induced  
steppin g. A  and B show  for ca ts  3 and 4, respectively , th e  sw ing  (op en ) and sta n ce  (filled) du rations (m ean  

standard error o f th e  m ean) du rin g step p in g  w ith  (circles) and w ith o u t (trian gles) ISM S and  w h ile  th e  treadm ill was 
O F F  and O N . In th e  absence o f  electrical s tim u lation , sen sory-in duced  step p in g  show ed a  decrease in  stance  

duration and lit tle  change in sw ing  du ration  as treadm ill speed  increased. Sim ilar changes to  th e  phase duration  
occurred to  ISM S-in duced step p in g  in d ica tin g  th a t ISM S did n o t b lock th e  transm ission  o f afferent in p u t to  th e

sp ina l cord nor d id it lock th e  cord in  a  set sta te .

4.4 D iscussion

In this study, we dem onstrated the capacity of low-level tonic ISMS in the ventral horn 

to induce alternating, locomotor-like stepping in the hindlimbs of spinal cord-injured cats. 

The results suggest th a t microwires im planted in the caudal lum bosacral segments (L7-S1) 

are more effective in activating the locomotor-related neuronal spinal networks th an  those 

im planted in the rostral segments (L3-L6).

Tonic stim ulation of laminae VII and VIII within the ventral horn generated organized 

stepping of the hindlimbs in the adult cat (figure 4.1) which is in agreem ent w ith previous 

studies (Kjaerulff and Kiehn, 1996; Noga et al., 1995; Tscherter et al., 2001). In this study,
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stim ulation of lam ina IX also generated stepping-like movements. Tonic ISMS of laminae 

VII-IX may have activated local elements of the locomotor networks. It may also have 

indirectly activated elements of the ventral lateral funiculus suggested to  be involved in 

locomotor stepping (Magnuson and Trinder, 1997; Shik, 1997).

4.5 Proposed M echanisms of A ction o f Intraspinal M icros­
tim ulation

The relative capacity of tonic ISMS to induce locomotor-like stepping when applied to var­

ious lumbosacral segments suggests th a t either 1) ISMS is specifically activating oscillating 

locom otor-related networks residing w ithin the region of stim ulation (local effect) or 2 ) 

ISMS is activating distal locom otor-related elements through fibers-in-passage (non-local 

effect). The effectiveness of ISMS in the la tter would depend on the specific connectiv­

ity of the stim ulated segment and the neural elements along the rostral-caudal axis of the 

lumbosacral cord.

Grillner (1985) suggested th a t the locomotor CPG consists of chains of coupled oscil­

lators distributed  along the rostocaudal axis of the cord. At the stim ulation levels used 

in this study the direct current spread would be less th an  0.5 mm from the microwire tip 

(M ushahwar and Horch, 1997). This direct current may activate local locomotor oscillators 

at the site of stim ulation which in tu rn  recruit the full orchestration of locomotor-related 

networks w ithin the lumbosacral cord. However, remote networks (e.g., the hypothesized 

“leading” regions in L3-L4) may be activated via projections of neurons stim ulated by the 

locally applied ISMS. These projections could originate from m ultiple sources such as the 

firing of afferent endings in the ventral horn, and propriospinal interneurons w ith axons 

extending along the lumbosacral cord.

The role of activating afferent endings was investigated in a separate study (Mushahwar 

et al., 2003). We found th a t the threshold for evoking activity in dorsal rootlets when 

applying ISMS in the ventral horn was lower th an  th a t for direct activation of motoneurons 

(indicated by short-latency EMG activity). However, the antidrom ic activity caused by 

ISMS was observed in dorsal rootlets located 3 mm rostral and caudal from the ISMS
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microwire. Therefore, although the afferent backfiring may have amplified the local effect 

of ISMS, the stim ulus applied to  the L7-S1 segments in the current study probably did not 

spread to  the L3-L4 segments located 20-30 mm away. In humans, localized activation of 

prim ary spindle afferents (through tendon vibration of leg muscles at 30-50 Hz) generates 

bilateral stepping of the legs (Gurfinkel et al., 1998). The finding th a t caudal segments are 

more efficient in inducing stepping w ith tonic ISMS may be due to  the greater density of 

afferent fibers in these segments than  in the L3-L4 segments. This could result in a more 

intense input to  local oscillating networks through the activation of prim ary afferent fibers 

in the caudal regions.

Caudal ISMS-evoked stepping may be the result of the activation of sacral perineal 

afferents. Activation of these afferents through m anual perineal stim ulation is commonly 

used to  induce adult cats and ra ts  to  step after complete transection of the spinal cord. 

However, due to  the typically more caudal distribution of these sacral sensory inputs in the 

spinal cord (middle of SI to  S3) (Jankowska et al., 2000; Ueyama et al., 1984) we believe 

th a t stim ulation of sacral afferents alone, cannot fully explain the ISMS-evoked stepping 

patterns observed.

Propriospinal neurons play a significant role in locomotion (Grillner, 1985; Shik, 1997; 

Jordan and Schmidt, 2002). Activation of propriospinal neurons through ISMS of IA­

SI segments could in fact result in the activation of the L3-L4 segments through rostrally 

projecting axons. T he observation th a t caudal ISMS could not induce organized alternation 

when the L3-L4 spinal segments were disconnected (cat 5) supports the idea th a t these 

rostral segments have a significant role in locomotion. Also, the  effect of caudal ISMS is 

probably not strictly  local, b u t activates neuronal circuitry spanning the lumbosacral cord.

The quality of stepping elicited may also be influenced not only by the  connectivity 

or oscillatory properties of the given segment bu t also by the contribution of its local 

m otoneuronal activation. Stepping responses evoked by tonic stim ulation applied at the 

L3-L4 level were flexion dom inated (less load bearing). This m ay reflect the fact th a t 

this region of the cord is heavily populated w ith flexor m otorneuron pools whose direct 

activation by ISMS could bias the resulting stepping pa tte rn  tow ards flexion. Similarly,
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the extensor m otorneuron pools in the more caudal segments could contribute to  the load 

bearing capability seen when stim ulating these segments.

Epidural stim ulation of the spinal cord has been shown to induce locomotor-like step­

ping in ra ts  (Ichiyama et al., 2005), cats (Iwahara et al., 1991; Gerasimenko et al., 2003) and 

humans (Gerasimenko et al., 2002) after complete spinal cord injury. A lthough epidural 

stim ulation produces load bearing stepping in ra ts (Ichiyama et al., 2005), epidural stim ­

ulation in the absence of pharmacological agents characteristically generates non-weight 

bearing air-stepping in cats and humans (Iwahara et al., 1991; Gerasimenko et al., 2003, 

2002). The evoked stepping through tonic ISMS differs from epidural stim ulation in two 

ways: 1 ) the cats in our study dem onstrated partia l weight-bearing during stepping (up 

to 51% of full load of the hind quarters) w ithout the application of drugs, and 2 ) ISMS 

was most effective in generating alternating movements when applied to  laminae VII and 

VIII, regions known to be involved in the initiation and m aintenance of rhythm ic loco­

m otor movements (Kjaerulff and Kiehn, 1996; Noga et al., 1995). Moreover, stim ulation 

applied deep w ithin the ventral horn of the grey m atter results in the activation of more 

locomotor-specific afferent modalities such as prim ary la  afferents. I t also avoids the acti­

vation of myelinated axons residing in more dorsal laminae (i.e., M pain fibers) (Feirabend 

et al., 2 0 0 2 ), thus reduces the possible contribution of flexor w ithdraw al behaviors which 

may play a role in generating non-weight bearing stepping responses (Iw ahara et al., 1991; 

Gerasimenko et al., 2003, 2 0 0 2 ).

4.6 Conclusion

The results of this study suggest th a t tonic ISMS of the ventral horn of the grey m atter 

can activate intrinsic locomotor related networks w ithin the lum bosacral cord. Possible 

mechanisms include direct activation of local oscillating networks w ithin the spinal cord 

by the focally applied electrical stimulus or indirect activation of non-local segments of the 

network by afferent backfiring or propriospinal activation. Further studies will indicate if 

ISMS can selectively activate regions of the cord allowing it to  be used for investigating the 

function and distribution of locomotor networks within the spinal cord.
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C hapter 5

A Physiologically-based Controller 
for Generating Overground 
Locomotion using Functional 
Electrical Stimulation *

“The longest journey begins with a single step. ”

- Lao Tsu, Tao Te Ching

5.1 Introduction

Stepping in physiological systems is controlled both  through signals descending from supraspinal 

systems, as well as through circuitry residing within the  lumbosacral spinal cord. Sherring­

ton (1910) suggested th a t locomotion is the result of a chain of reflexes. In 1911, Brown 

dem onstrated th a t the  spinal cord of adult cats is capable of generating rhythm ic locomotor 

outputs in the  absence of descending drive or sensory input (Brown, 1911). Later experi­

ments have supported the  existence of locomotor-related neural circuitry w ithin the  spinal 

cord, now commonly referred to  as the locomotor central pa tte rn  generator (CPG ) (Grillner, 

1985; Orlovsky et al., 1999). A lthough the CPG is capable of generating a rhythm ic ou tput 

when activated by a tonic input in the form of electrical stim ulation (Dimitrijevic et al., 

1998; Guevrem ont et al., 2006; Magnuson and Trinder, 1997; Shik, 1997) or application

*A version of this chapter has been published. It is used with permission.
Guevremont L., Norton J,, Mushahwar V.K., A Physiologically-based Controller for Generating Overground 
Locomotion using Functional Electrical Stimulation, Journal o f Neurophysiology. 2007 Mar; 97(3): 2499-510
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of pharmacological agents (Cazalets et al., 1995; Cowley and Schmidt, 1997; Kjaerulff and 

Kiehn, 1996; Rossignol et ah, 2001), it is m odulated by afferent feedback. Limb position 

(Grillner and Rossignol, 1978) and force (Duysens and Pearson, 1980) influence the timing 

and duration of flexor (swing) and extensor (stance) activation during stepping (Norton 

et al., 2005). The goal of the current study was to  evaluate the capacity of externally im­

plemented controllers mimicking these physiological systems in restoring locomotion after 

neurological damage, such as a spinal cord injury.

Functional electrical stim ulation (FES) is used as an interface w ith the nervous system 

to restore function to  muscles and organs after disease or injury. The technique is effective 

after spinal cord injury since the motoneurons below the level of the lesion remain intact 

and form a viable connection w ith the muscles they innervate. Electrical stimuli applied to  

intact nerves or muscles can then  generate functional contractions of targeted muscles. The 

clinical use of electrical stim ulation dates back to  the early 1960s as a m ethod for restoring 

lower (Liberson et al., 1961) and upper limb (Long, 1963) function after stroke or spinal 

cord injury. C urrently available systems for restoring stepping require the user to  initiate 

each step through the use of m anual push buttons. In addition to  being less desirable to 

the user, these hand controlled systems have a higher metabolic cost th an  more autom ated 

controllers (Popovic et al., 2003). The u ltim ate system would be able to  generate stable 

and reliable stepping in a m anner similar to  the way norm al locomotion is controlled, using 

a combination of subconscious mechanisms with in term ittent conscious effort.

Previous studies conducted in our laboratory have dem onstrated th a t intraspinal mi­

crostim ulation can generate in-place stepping in cats w ith spinal cord injury (Saigal et al., 

2004). This was first achieved by applying predeterm ined phasic sequences of stim ulation 

through groups of microwires generating reciprocal flexion and extension movements of the 

hindlimbs. Sensory-driven stepping was also achieved using a physiologically-based if-then  

rule to  govern the transitions between stance and swing (Prochazka, 1996; Saigal et al., 

2004).

In the present study we focused on investigating the capacity of two controllers to 

generate overground locomotion through the independent use of intrinsically-tim ed (CPG)
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or sensory-driven phase transitions. Although the role of the CPG  in hum an locomotion is 

unclear (Dimitrijevic et al., 1998), the intrinsic rhythm icity and ability to  m odulate output 

in response to  external conditions makes the CPG an attractive model for the design of an 

FES control system. Our observations suggest th a t although both  controllers were capable 

of generating overground locomotion, neither provided consistent load-bearing stepping. In 

addition, the intrinsically-tim ed controller suffered from an inability to  respond to changing 

internal and external conditions (i.e., fatigue and friction) and the sensory-driven controller 

exhibited high sensitivity to  the selection of the initial param eters. For these reasons we 

suggest th a t a “combined controller” which uses sensory signals to  modify an intrinsic 

rhythm  may significantly improve the robustness of stepping. The combined controller may 

offer a more physiological representation of the neural control of overground locomotion 

by providing a balance between the roles of the CPG and sensory input. A controller was 

implemented in two experim ental sessions to  test the advantages of this combined approach.

5.2 M ethods

Eight spinally-intact adult male cats weighing between 3.5-5.0 kg were used in the study. 

All experim ental procedures were approved by the University of A lberta  Animal Welfare 

Committee. The cats were anesthetized for the duration  of each recording session and 

intram uscular (IM) electrodes were im planted percutaneously into 6 m ajor extensor and 

flexor muscles of each of the hindlimbs. At the end of the experim ent the electrodes were 

removed and the animals recovered in a heated kennel. A to ta l of 14 recording sessions 

were performed for this study (5 animals were tested more than  once).

5.2 .1  A n im a l P r e p a ra tio n  and  In tram u scu lar  E le c tr o d e  Im p la n ta tio n

Anesthesia was tem porarily induced through the inhalation of isoflurane (2-3% isofluorane 

in carbogen) and an intravenous catheter was inserted for adm inistering sodium pentobar­

bital throughout the rem ainder of the experiment (0.25 m g/kg induction; m aintenance 1:10 

saline dilutions of the  anesthetic). Sterilized IM electrodes were im planted bilaterally in 6 

muscles th a t act to  flex or extend the joints of the hindlimb. The im planted muscles were:
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sartorius anterior (hip flexor), semimembranosus anterior (hip extensor), biceps femoris 

posterior (knee flexor), vastus lateralis (knee extensor), tibialis anterior (ankle flexor) and 

gastrocnemius lateralis (ankle extensor). Intram uscular electrodes (9 strand  stainless steel 

Cooner wire, insulated except for 3-4 mm tips) were im planted near the m otor point of the 

desired muscle according to  the technique described by Basm ajian and DeLuca (1985).

5 .2 .2  E x p er im e n ta l S e tu p  and  D a ta  A cq u is itio n

Following the im plantation of IM wires the animal was transferred to  a partia l body sup­

port sling suspended from a sliding trolley (figure 5.1A). T he trolley was placed on a track 

system allowing it to  move w ith variable friction along the length of a 2.5 m custom  built 

walkway. The walkway consisted of two 3-axis parallel force plates. The hindlimbs of the 

animal were placed on individual force plates allowing independent left and right force sig­

nals to be recorded along the entire length of the walkway during the stepping sequences. 

Accelerometers were secured firmly between the ankle and m etatarsal phalangeal (M TP) 

joint of each hindlimb to  provide a voltage signal representing the relative flexion or exten­

sion of the limb. K inem atic tracking markers were placed on the right side of the cat to 

indicate the iliac crest, and the hip, knee, ankle and M TP joints. Due to  the movement 

of the skin over the knee joint during locomotion the knee joint m arker could not be used 

to indicate the correct joint location. Therefore, limb segment lengths were recorded and 

triangulation algorithm s were used to  provide a be tte r estim ate of the position of the knee 

joint.

The raw accelerometer and force signals as well as the stim ulation control signals gen­

erated by the controller were sampled a t 2000 or 4000 sam ples/s using CED Power 1401 

analog-to-digital board and Spike2 d ata  acquisition software (Cambridge Electronic De­

sign, L td., Cambridge, UK). The entire length of the walkway was filmed from the right 

side using a high speed JVC digital video camera (120 fram es/s) placed orthogonally to 

the m idpoint a t a distance of approxim ately 4 m. This significantly reduced the distortion 

in the limb segments due to  parallax effects. A calibration grid was also attached to  the 

trolley in order to  perform  frame-by-frame scaling of the video data. A light em itting diode

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 5. PHYSIOLOGICALLY-BASED CONTROL OF FES 122

partial support 
sling

joint
m arkersIM w ires

acce le rom eters

parallel fo rcepfates sliding panel

^  ^ time (s)

0.25  m

140
g.

135

JCc

0 0.2 0.4 0.6 0.8 1 1.2 1.4
time (s)

Figure 5.1: Experimental setup.
Schem atic  o f setu p  used for an im al susp en sion  and IM  stim u la tion  (A ). T h e  w eight o f th e  an im al is partia lly  

supported  by a  b o d y  harness. A  slin g  p laced under th e  chin o f  th e  an im al (n o t sh ow n ) is used to  su p p ort th e head  
and m ain tain  an  open  airw ay th rou gh ou t th e  recording session . T h e  ca t is p osition ed  w ith  its  forelim bs on a  slid ing  

platform  w hich  is sligh tly  e levated  over tw o parallel force p la tes for G R F  recordings. A ccelerom eters are a ttach ed  
securely betw een  th e  ank le  and M T P  jo in ts for lim b p osition  (L P ) recordings. Jo in t m arkers are a ttach ed  for 

kin em atic an a lysis . A  com parison  o f accelerom eter signals  and jo in t angles derived from  v id eo  d a ta  (B ). D a ta  from  
an in tact cat during overground locom otion  (C ). Stick figures and jo in t angles are recon stru cted  from  v id eo  data.

Each stick  figure represents th e d a ta  at 2 s intervals.

(LED) was used to  synchronize the kinematic and kinetic data.

5 .2 .3  In tram u scu lar  S tim u la tio n  P r o to co l

Six dual-channel constant current stim ulators (EMS-6500, E lectrostim  Medical Services, 

Inc., Tampa, FL) were used to  apply patterned trains of stim ulation (biphasic charge bal­

anced, 0.1-20 mA, 200 p.s depolarizing pulse, 50 pulses/s) to  activate flexor and extensor
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muscles in sequences which would generate coordinated stepping movements.

At the onset of each experim ent the stim ulation am plitude for m otor threshold (level 

eliciting first visible muscle contraction) was determ ined as well as the  stim ulation ampli­

tude required to  generate the desired response. This was done using 1 s-trains of stim ulation 

applied to  each individual muscle. After the stim ulation am plitudes for individual muscles 

were obtained, synergies (groups of flexor or extensor muscles) were tested  in order to  gen­

erate functional movements of the whole limb w ith proportional changes in the joint angles 

throughout the action. Stim ulation am plitudes were adjusted to  evoke qualitatively bal­

anced responses in the left and right legs. The adjusted stim ulation am plitudes generating 

the desired muscle responses were recorded and used during the initial stepping trial as 

the plateau values for the stim ulation envelopes. Further adjustm ents were made to  these 

values from trial to  tria l based on observations made during the stepping sequences or by 

retesting the responses using 1 s-long stim ulation trains applied to  individual or synergistic 

muscles. This was done in order to  achieve a combination of muscle activation levels tha t 

generated bilaterally balanced functional gait. This balance was subject to  change due to 

factors such as the level of muscle fatigue and the am ount of walkway friction at the onset of 

each stepping trial. This high dependence on initial param eter selection is consistent with 

results seen in 2D (Yakovenko et al., 2004) and 3D (Ekeberg and Pearson, 2005) models of 

feline locomotion.

5 .2 .4  T h e  C on tro l S y stem

We designed three controllers th a t reflected some of the principles thought to  govern loco­

motion in physiological systems; one th a t behaved like an intrinsically-tim ed CPG, another 

th a t was a fully sensory-driven sta te  controller, and a th ird  th a t was a combination of 

intrinsically-tim ed and sensory-driven control. Each controller used a different m ethod for 

determ ining the tim ing and duration of the gait phases. However, a single ou tpu t algorithm 

was used to  translate  these phases into stim ulation waveforms based on predeterm ined stim ­

ulation levels. T he controllers were tested during 14 recording sessions.

The intrinsically-tim ed controller generated consistent patterns of flexion and extension
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based entirely on intrinsic tim ing in a m anner similar to  the ou tpu t of an isolated CPG. 

The gait cycle of a cat can be divided into one flexion (F) and three extension (E l, E2, and 

E3) phases (Engberg and Lundberg 1969). A basic gait cycle consisting of a swing (hip, 

knee and ankle flexion - F) phase and a stance (hip, knee and ankle extension - E3) phase 

was im plemented in all experiments. After prelim inary tests using various phase durations, 

including those described by Halbertsm a H albertsm a (1983), we used a 2 s gait cycle and 

set the stance and swing phase durations to  60% and 40%, respectively. Delayed retraction 

(hip extension) was added to  this cycle so th a t the propulsive extension of the hip was only 

initiated once the load bearing extension of the knee and ankle was well established. In 

the final recording sessions we also added a short burst of stim ulation to  the knee flexor 

at the onset of swing to  prevent toe drag (two sessions), and an increase in knee extensor 

stim ulation during retraction to  m aintain ground contact (one session). All stim ulation 

envelopes were trapezoidal in shape, consisting of three segments; 1) a ram p segment where 

the stim ulation increased from m otor threshold to  the previously selected desired value, 2) a 

constant stim ulation segment where the desired am plitude was m aintained for the duration 

of the phase, and 3) a ram p segment where the stim ulation am plitude returned from the 

desired level to  m otor threshold before the stim ulation term inated. Step period, percent 

of the phase spent in stance and swing, timing of the retraction phase and duration  of 

the ram p segments were set on the com puter via a user interface to  the control program. 

We did not experim ent with different gait speeds using the intrinsically-tim ed controller. 

However, this could be accomplished by changing the step period and adjusting the timing 

of the various gait phases as well as the stim ulation am plitudes in order to  achieve func­

tional responses w ithin a new phase duration. Figure 5.2A shows a conceptual illustration 

of a half-center C PG  model which would generate continuous and rhythm ic flexion and 

extension ou tpu t patterns similar to  those generated by our controller. Also shown is a 

schematic representation of stim ulation envelopes achieved using the previously determ ined 

am plitudes w ith the  intrinisically-timed controller. Functional overground locomotion was 

first dem onstrated in each cat using this controller prior to  testing the other controllers. 

The activation profiles for the last step (to the right of the vertical dashed line, fig. 5.2A)
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represent envelopes of EM G d a ta  during overground locomotion in awake, intact cats, as 

collated from m ultiple sources by Yakovenko et al. (2002).

A Intrinsically-timed CPG B Sensory-driven state controller

L-flex

R-flex
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Figure 5.2: Controller design and operation.

time (s)

A sch em atic  rep resen tation  o f th e  controller as w ell as ou tp u t signals from  th e  ph ase d eterm in ation  and pattern  
form ation stages  are show n for th e  in trinsically-tim ed  C P G  controller (A ) and th e  sen sory-driven  sta te  controller

(B ). T h e  figure at th e  to p  is a  con cep tu al illu stration  o f a  sy stem  w hich w ould  generate  o u tp u t p a ttern s sim ilar to  
those o f th e  tw o  controllers develop ed  for th is  study. O u tp u ts from  th e  ph ase d eterm in ation  s ta g e  illu stra te  flexor 
(low ) and ex ten sor  (h igh) signals for th e  left (d o tted ) and right (so lid ) legs. T h e  sch em atic  rep resen tation  o f th e  

o u tp u t traces show n for th e  p a ttern  form ation  stage  ind icate  stim u la tion  p attern s app lied  to  ank le (A ), knee (K ) 
and h ip  (H ), flexor (F ) and exten sor  (E ) m u scles in  th e  left (L) and  right (R ) legs. N o te  th a t th e  increases in  K E  
stim u la tion  in A  are a  pre-program m ed feature im plem ented  to  m ain ta in  paw  co n ta c t du rin g retraction , w hereas, 

th e  increases to  A E  in  B are d yn am ica lly  generated  by th e  controller in order to  overcom e variable w alkw ay friction .
Sensory in p u t sign a ls from  th e  accelerom eters (lim b p osition s) and forcep lates (G R F s) are a lso  inclu ded  for th e  

sensory driven controller. T h e  arrows in th e  R -L P p lo t in d icate  acceleration  profiles generated  at foo t con tact. T he  
horizontal d o tte d  lin es represent th resholds for lim b ex ten sion , flexion  and loading.

The sensory-driven controller relied entirely on feedback signals in order to  time the 

switching between flexion and extension activity. Signals representing hip angle and ground 

reaction force (GRF) were used because they play significant roles in governing phase tran ­

sitions in physiological systems (Duysens and Pearson, 1980; Grillner and Rossignol, 1978;
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McVea et al., 2005; N orton et al., 2005). The role of these signals during gait can be 

described by a set of if-then  rules (Prochazka, 1996) which we im plemented using finite 

state control (fig. 5.2B). The following rules were used to  govern the  swing-to-stance and 

stance-to-swing phase transitions:

Stance-to-swing transitions:
IF  the ipsilateral limb is extended
A N D  the ipsilateral limb is unloaded
A N D  the contralateral limb is loaded 
T H E N  initiate swing in the ipsilateral limb

Swing-to-stance transitions:
IF  the ipsilateral limb is flexed
T H E N  initiate stance in the ipsilateral limb

Although these rules allowed the left and right limbs to switch independently, they pre­

vented the occurrence of a s ta te  of double swing and allowed a period of double stance 

during which bo th  limbs were in the loaded phase of the gait cycle. T he rule governing 

swing-to-stance allowed for early term ination of swing if the stance leg became unloaded. 

This was done in order to  avoid periods of no body support throughout the stepping se­

quences. M odulation of the stim ulation am plitude applied to the knee extensor was also 

implemented such th a t if the phase transition rules were not m et w ithin a set period of 

time, the controller would increase the stim ulation am plitude until either a maximum safe 

value was reached (20 mA), or the if-then  rules were m et. This feature enabled the ani­

mals to  overcome walkway resistance in situations where the selected desired stim ulation 

levels did not result in the generation of sufficient muscle force. T he states of limb exten­

sion/flexion and limb loading/unloading during stepping were determ ined using threshold 

based measurem ents of signals from the accelerometers and force plates, respectively. Due 

to  the movement of skin over the femur it is difficult to  measure hip angle directly in cats. 

Therefore, accelerometers secured to  each foot of the animal were used to  provide an es­

tim ate of the overall condition of flexion or extension of the limbs. T he validity of this 

estim ation is dem onstrated by the examples of raw accelerometer signals and joint angles 

derived from video d a ta  shown in figure 5.IB. The joint angle d a ta  taken from FES evoked
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stepping can also be com pared to  the da ta  shown in figure 5.1C which were obtained dur­

ing overground locomotion in an awake, intact cat. Thresholds were selected based on the 

ranges of limb position and GRF signals obtained during intrinsically-tim ed CPG  trials 

achieved during the same recording session. The thresholds were typically set a t 20% less 

than  the maximum accelerometer signal for limb extension, 20% greater th an  the minimum 

accelerometer signal for limb flexion, and 50-75% of the average vertical force signals for 

limb loading. In  order to  reduce the number of false state  transitions resulting from large 

movement generated acceleration profiles during stepping (arrows in fig. 5.2B), the limb 

position sensor signal was required to remain past the extension or flexion threshold for 100 

ms before the sta te  condition was met. Figure 5.2B uses sample feedback signals to  illus­

tra te  the thresholds and resulting phase signals. Sensory-driven stepping often term inated 

in a state  of double unloaded extension in which bo th  hindlimbs were extended behind the 

base of support of the cat.

A combined controller was implemented and tested in the final recording session with 

the objective of preventing the occurrence of double unloaded extension. This controller 

implemented the  beneficial stability of the intrinsically-tim ed system along w ith the state- 

dependent decision making capacity of the sensory-driven system. The underlying switching 

was provided by an intrinsically-tim ed CPG p atte rn  which could be overridden based on 

two sensory rules whose purpose was to  ensure limb loading at all times. The if-then  rules 

for this controller were designed w ith the objective of preventing the occurrence of double 

unloaded extension. T he rules were:

GRF rule:
IF  the stance leg becomes unloaded
T H E N  term inate swing in the contralateral leg

Rolling rule:
IF  the forward progression stops
T H E N  take a step w ith each leg to  a position under the body.

E xtend limbs until the trolley sta rts  to  roll again.

An additional sensor (servo potentiom eter) was added to the  setup which provided a 

saw too th  displacement signal profile as the trolley rolled. W hen the unloaded condition
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of the GRF rule was met, the intrinsic tim er was interrupted and reset to  the point of 

term ination of contralateral swing. W hen the rolling rule was invoked the intrinsic tim er 

was paused in double stance and resumed only when the trolley movement was sensed.

All of the controllers were implemented in software (programmed in the high level com­

puter language of C). The program  was executed on a desktop com puter which was in­

terfaced to  the stim ulators through a National Instrum ents (NI) digital-to-analog card. 

Feedback signals from the accelerometers and force plates were digitized at 500 sam ples/s 

by an NI analog-to-digital card and smoothed by applying a 140 ms sliding window average.

5 .2 .5  D a ta  A n a ly s is

D ata analysis was completed using custom w ritten routines for M atlab V7.0 (The M ath- 

Works Inc., Natick, MA, US).

K inem atics

The video recordings were digitized and the x-y coordinates of each of the joint markers 

were extracted using a custom  software package (M otionTracker2D) w ritten  in M atlab 

by Dr. Douglas Weber (University of P ittsburgh, P ittsburgh, PA, USA). The m otion of 

the right hindlimb was reconstructed using the coordinates of the m arkers as well as the 

measured lengths of the limb segments. The position of the knee joint was determ ined using 

triangulation m ethods due to  movement of the skin over the joint during locomotion. Each 

frame was calibrated in the x and y axes to  correct for skew introduced by the cam era angle. 

The resulting values were used to  reconstruct stick figures from which limb trajectories and 

joint excursions were extracted.

K inetics

Vertical GRFs recorded during the evoked locomotion were used to  quantify the functional 

value of stepping achieved. Force measurements were low-pass filtered (cutoff frequency 8 

Hz) before analysis. Steps were divided into stance and swing phases based on ou tpu t signals 

from the controller and mean vertical force was calculated for each individual step. Each
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stepping tria l was initiated w ith a short period of double stance during which the animal 

typically lifted its hindquarters out of the support sling. The peak vertical force generated 

during this period of “forceful standing” was determ ined for each animal. Due to  the 

forceful nature of this movement this peak GRF value was assumed to  be an  overestimation 

of the weight of the hindquarters. Trials conducted in hum an volunteers performing sit- 

to-stand movements indicated th a t the weight of the individual (obtained during quiet 

standing) represents 85% of the peak force generated during the transition  (da ta  not shown). 

Therefore, 85% of the peak vertical force recorded during the initial period of forceful 

standing in the animals was used as an approxim ation of the GRF required for full hindlimb 

loading.

5.3 R esults

The two m ain criteria used to  define functional overground locomotion were: 1) the ability 

to generate forward propulsive movement, and 2) the ability to ensure a period of double 

limb support where the weight of the animal is transferred from one limb to  the other. 

Achieving stable stepping was not a simple task due to  a heavy dependence on the stim ula­

tion param eters selected. Reasons to  abort a trial included: little or no forward progression 

(i.e., in-place stepping), excessive paw slippage (to the back or side), and poor paw place­

ment (too far forward relative to  the hip or on the dorsal surface). A tria l was continued 

as long as the overall functionality of the stepping was not compromised by the aforemen­

tioned errors. A to ta l of 264 trials were recorded over the  first 12 experim ental sessions 

included in this study. Fifteen of the 97 intrinsically-tim ed trials (15.5%) and 18 of the 

157 sensory-driven trials (11.5%) were considered to  be successful based on the quality of 

the steps taken (appropriate range of movement, and paw traction), the distance traveled 

along the walkway (>  75% of the full length), and the sta te  in which the anim al stopped 

(in-place stepping or stable standing). Traveling the full length of the walkway was not a 

necessary requirem ent for a stepping sequence to  be deemed successful. As long as the trial 

term inated in an acceptable s ta te  (in-place stepping or stable standing), successful trials 

could include trials where the animal traveled >  75% of the length of the walkway before
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forward progression was hindered due to  muscle fatigue or walkway resistance. An average 

of 8 unsuccessful trials was attem pted  in each recording session before the  first successful 

intrinsically-timed stepping sequence was achieved. After the initial successful tria l it was 

often possible to achieve several additional successful sequences w ith only minor changes 

being made to  the stim ulation am plitudes in order to  compensate for muscle fatigue. Figure 

5.3A summarizes the reasons for term inating all trials conducted during this study. Some 

trials have been included in more th an  one category if a combination of factors contributed 

to term ination. Intrinsically-tim ed trials were most often term inated due to  an excessive 

number of paw slips or walkway misses caused by excessive limb movements, or in a s ta te  of 

in-place stepping resulting from insubstantial force generation. The most common sta te  of 

term ination during sensory-driven control was double unloaded extension. This s ta te  was 

considered to be a failure mode which was a consequence of the high rolling resistance of 

the trolley. Double unloaded extension occurred prim arily when the am ount of force gen­

erated during the  stance phase of a single leg was insufficient to  push the  trolley forward 

resulting in a two legged push during double stance and a movement of the anim al past the 

base of support provided by the limbs. The d a ta  shown in figure 5.3B represent the to tal 

number of steps taken by the left and right legs during the successful intrinsically-tim ed and 

sensory-driven stepping sequences. The loading profiles were analyzed for these sequences, 

and steps during which the force was m aintained until the contralateral leg became loaded 

were considered to  be “good.” Using this approach it becomes apparent th a t in this setup 

a controller based on intrinsic tim ing is more capable of generating consistent load bearing 

stepping th an  one based entirely on sensory signals.

5.3 .1  In tr in s ica lly -t im e d  C P G  C on tro ller

The locomotion achieved using a predeterm ined gait p a tte rn  generated by the intrinsically- 

timed controller was characterized by rhythm ic and consistent movements. Control pa­

ram eters such as gait cycle duration, stance and swing phase durations, and stim ulation 

am plitudes were selected at the onset of each tria l and were invariable after the initiation of 

stepping. All stepping trials were conducted w ith a step cycle of 2 s w ith 60% (65% in one
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Figure 5.3: Summ ary o f all attempted trials.
(A ) Su m m ary o f  th e  reasons for term in atin g  each  o f th e  tria ls a ttem p ted  u sin g  th e  in trin sica lly -tim ed  and  

sensory-driven  controllers. T h e  large b ox  in d icates th e  to ta l num ber o f tr ia ls  a ttem p ted  for each  m od e. E ach sm all 
bar represents a p ossib le  reason for term in atin g  a  trial. E ach tria l can  be inclu ded  in m ore th a n  on e o f  th e  follow ing  

categories if  m u ltip le  factors con tr ib u ted  to  its  term ination: 1) m any slip s and m isses resu ltin g  in loss o f traction  
causing th e  leg  to  m ove backw ards or off th e  side o f th e  walkway; 2) dou ble un loaded  sta n ce  w ith  b o th  legs fully  
extended  beh in d  th e  an im al (ou tsid e  th e  base o f support); 3) dou ble loaded stan ce  (i.e ., fu n ction a l stand ing); 4) 

stepp in g  in-p lace con sistin g  o f a ltern atin g  m ovem ents w ith ou t forward progression; 5) reaching th e  end o f walkway; 
6) m iscellaneous factors inclu d ing poor lim b m ovem ent, p lantar paw  placem ent, etc . (B ) T h e  to ta l num ber o f s tep s  
and th e  num ber o f  “g o o d ” step s  taken during all successfu l in trin sica lly -tim ed  and sen sory-driven  tria ls. Trials were 
considered to  b e  successfu l if th e  occurrence o f errors d id not deter from  th e  overall q u a lity  o f th e  w alking and th e  

anim al w as able to  travel a significan t d istan ce  a long th e  walkway. A  s tep  w as “g o o d ” if  th e  G R F  force d id not 
decay com p lete ly  before th e  oth er leg becam e loaded.

animal) of the duration spent in stance. The tim ing of hip retraction was delayed from the 

initiation of stance by either 0 ms (hip extension occurs with knee and ankle extension), 

200 ms, 300 ms, 400 ms, or coincided with the initiation of contralateral stance (i.e., during 

double stance). The delay was selected in order to  complement the forward and downward

force generated by the knee extensor. The duration of the flexor burst a t the  onset of swing 

was typically 300-400 ms in duration (37-50% of swing), allowing the toe to  clear the surface 

while the leg was being swung forward by the ankle and hip flexors.
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Figure 5.4 shows two 10 s clips taken from successful intrinsically-tim ed trials in two 

different anim als (refer to  figure 1C for comparison w ith norm al cat locomotion). The 

sequences of stick figures were reconstructed from kinem atic d a ta  recorded during each of the 

full 10 s segments shown. Also shown are the calculated angles for the hip, knee and ankle 

joints as well as filtered accelerometer and GRF signals. The phase determ ination signals 

in the bottom  trace represent the stance (high) and swing (low) phase signals generated by 

the controller for the left (dotted) and right (solid) legs. The d a ta  displayed in figure 5.4A 

represent the final 10 s of a 17.5 s trial during which the  animal took 9 steps w ith each 

leg and traveled a to ta l distance of 1.95 m. The maximal range of m otion of the hip, knee 

and ankle joints were 38°, 35°, and 50°, respectively, and represented 1.4x, l . lx ,  and 1.4x 

of the ranges typically seen (28°, 32°, 36°) in in tact cats walking a t slow to medium speeds 

(Rossignol et al. 1996). Left and right hindlimb vertical GRFs were 4.43 ±  1.25N and 5.48 

±  0.47 N (mean ±  std), respectively. These values represented approxim ately 10% and 12% 

of the to ta l weight of the cat (3.68 kg) or 37% and 46% of the estim ated force required for 

full hindlimb loading (11.9 N). The overlap between the force traces for the left and right 

legs indicate periods of double limb loading. This is a desired characteristic of functional 

stepping. This tria l was term inated  when the animal was no longer able to  progress forward 

due to  walkway friction and muscle fatigue. A characteristic of intrinsically-tim ed control 

was th a t even after the forward progression stopped, the anim al continued to  step in-place 

(arrow) until the stim ulation was term inated at the end of the trial. Figure 5.4B shows 10 

s of d a ta  from the middle of an intrinsically-timed tria l which was deemed to  be successful 

even though it was punctuated  by slips of the right hindlimb. T he to ta l tria l tim e was 27.5 

s during which the animal took 13 steps with each leg and traveled a to ta l distance of 2.5 

m. Slips can be seen in the backward and upward trajecto ry  of the  M TP joint on the stick 

figures (as indicated by the direction of the arrow) and also as rapid  increases in the limb 

angles a t the end of the extension phase. The maximal range of m otion of the hip, knee and 

ankle joints was 55°, 70°, and 90°, respectively, and represented 1.8x, 2.2x, and 2.5x the 

typical joint ranges. Left and right hindlimb vertical GRFs were 8.51 ±  2.24 N and 5.26 ±  

1.10 N (mean ±  std), respectively. These values represented approxim ately 24% and 15%
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of the to ta l weight of the cat (4.64 kg) or 67% and 41% of the estim ated force required for 

full hindlimb loading (12.7 N). This tria l was term inated when the anim al reached the end 

of the walkway.

A Well balanced trial

0.25 m

B Trial with slips

0 .25  m
160

160
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^  right
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Figure 5.4: Intrinsically-timed control.
E xam ples o f s tep s  tak en  from  successfu l tria ls using th e  in trinsica lly -tim ed  C P G  controller. K in em atic  and k in etic  

d ata  and o u tp u t sign a ls from  th e  phase d eterm in ation  stage  o f th e  controller are sh ow n  for a  series o f w ell balanced  
step s  term in atin g  in  in -p lace step p in g  (A ) and a  series o f s tep  p u n ctu ated  by s lip s  (B ). T h e  tr ia l show n in A  

term inated  w ith  in -p lace s tep p in g  (arrow) w hen  th e  anim al reached th e  end o f  th e  w alkw ay. T h e  tr ia l show n in B 
was deem ed to  be su ccessfu l b ecau se  th e  anim al w as able to  traverse th e  entire len g th  o f  th e  w alkw ay even  th ou gh  
there were m om en ts w h en  th e  paw  lo st traction  and slid  backw ards a long th e  w alkw ay (in d icated  by  th e  arrow in 

th e  stick  figures). B o th  tr ia ls  have exam ples o f dou ble un load ing  (circles in G R F  traces).

Even in successful steps such as the ones shown in figure 5.4A, it was common to observe 

moments of insignificant loading in either leg due to  a rapid decay of vertical force in the 

supporting limb (circle in A). This was often the result of an increase in propulsive force 

a t the term ination of stance causing the animal to  move too far forward over the base of 

support provided by the limb. A similar decay in vertical GRF was seen during slips when 

the limb lost traction  and was extended behind the body (circle in B). A ttem pts were made 

to reduce the occurrence of these errors by increasing the knee extensor (vastus lateralis) 

and reducing the hip extensor (semimembranosus anterior) stim ulation in order to keep

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 5. PHYSIOLOGICALLY-BASED CONTROL OF FES 134

the paw firmly on the ground while still achieving the propulsive force required for forward 

progression.

5 .3 .2  S en so ry -d riv en  S ta te  C on tro ller

We found th a t the stim ulation amplitudes for successful intrinsically-tim ed stepping had to 

be established in order to  generate appropriate sensory-driven phase transitions. Each 

sensory-driven sequence was initiated w ith 1 intrinsically-tim ed step. This placed the 

hindlimbs of the cat in an “acceptable” state  of ipsilateral extension and unloading, and 

contralateral loading (if-then  conditions required for stance-to-swing transitions) prior to 

the onset of sensory-driven switching. Poor param eter selection resulted in the “unaccept­

able” state  of double unloaded extension and an inability to  switch to  the swing phase of 

the gait cycle due to  the unm et criteria of limb loading. Figure 5.5 shows two examples of 

sensory-driven stepping obtained during a single recording session in one animal. The traces 

have the  same form at as those shown in figure 5.4 for intrinsically-tim ed control w ith the 

exception of the phase determ ination signals, where the greyed regions during stance (high 

signal) represent periods during which the extensor stim ulation am plitude was increased. 

This increase was triggered by a prolonged stance phase and resulted in an improvement 

in the ability of the anim al to  push the trolley in the presence of walkway resistance and 

muscle fatigue. T he arrow at the bottom  of the traces in A indicates the  transition  from 

intrinsically-timed control (initiation steps) to  sensory-driven control. The black dashed 

lines on the G RF and limb position traces indicate the threshold levels selected to  represent 

limb extension (>  2.4 V, 135°), flexion (<  2.0 V, 100°), and loading (>  4.4 N) for the right 

leg. Similar values were selected for the left leg (>  2.7 V, <  2.6 V and >  4.4 N, respectively) 

but are not illustrated  here. The da ta  shown in A represent a complete 25 s tria l during 

which the anim al took 9 steps and traveled a to tal distance of 2.4 m. T he initial step was 

taken using intrinsically-tim ed param eters (2 s gait cycle, 60% stance, 6.3 ±  3.7 mA) with 

each of the following steps occurring when the if-then conditions for phase transitions were 

met. The cycle duration increased visibly as the animal progressed until it reached the end 

of the walkway and m aintained double loaded stance (standing). T he stick figures illustrate
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only the last 10 s of these d a ta  starting  at the point indicated by the arrow at the top of 

the traces. The sequence shown in B represents a trial which was term inated in double 

unloaded extension. Note th a t the force profiles of the two legs decay simultaneously (circle 

in B) resulting in a s ta te  th a t does not meet any of the conditions for the  initiation of swing. 

This is an unrecoverable and highly undesirable sta te  in this system. This type of error 

was the most common mode of failure for sensory-driven stepping (fig. 5.3) and represents 

a potentially dangerous situation in a clinical setting.

A Terminated in double-loaded stance B Terminated in double-unloaded extension

0.25 m

'^V l/'V yvV 'irV 'V 'H

[AAM-MXVU

0.25 m

left 40

0 f l  10 i s  20 25
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Figure 5.5: Sensory-driven control.
E xam ples o f  s tep s  tak en  from  su ccessfu l tria ls using th e  sensory-driven  s ta te  controller. K in em atic  and k in etic d a ta  
and o u tp u t signals from  th e  p h ase  d eterm in ation  sta g e  o f  th e  controller are show n for a series o f s tep s  term in atin g  in  
th e  sta b le  s ta te  o f d ou b le  loaded stan d in g  (A ) and in th e  failure s ta te  o f dou ble un loaded  ex ten sio n  (B ). T hreshold  

levels for lim b flex ion , ex ten sio n  and  load in g  are ind icated  by  th e  horizontal dashed lines. T h e  stick  figures show n in 
A  represent th e  last 10 s o f th e  d a ta  star tin g  a t th e  tim e  ind icated  by th e  arrow a t th e  to p  o f th e  h ip  angle trace. 
T he arrow at th e  b o tto m  o f  th e  ph ase d eterm ination  trace ind icates th e  tran sition  p o in t from  in trinsica lly -tim ed  

(in itia tion  step s) to  sen sory-driven  control. N ote  th a t th e  failure s ta te  in B is caused  w h en  b o th  th e  left and right 
G R F signals decay  sim u ltan eou sly  (circled in th e  G R F  trace) resu lting in a s ta te  w hich  can  not be overcom e by th e  
s ta te  controller. G rey regions in  th e  ph ase determ ination  signa ls  in A  and B ind icate  periods w here th e  stim u la tion  

levels to  th e  ex ten sor  m u scles are increasing due to  th e  d e tec tion  o f a  prolonged ex ten sor  p h ase  by  th e  controller.
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5 .3 .3  C om b in ed  C on tro ller

The difficulty in generating robust overground stepping using strictly  intrinsically-tim ed 

or sensory-driven control led us to  design a controller th a t implemented bo th  intrinsically- 

timed and sensory-driven phase transitions. Two recording sessions were conducted using 

this controller in order to  dem onstrate the advantages of a combined design. The underlying 

phase switching was provided by an intrinsically-timed pa tte rn  which could be overridden 

based on two sensory rules th a t were designed to  prevent the occurrence of double-unloaded 

extension. A conceptual representation of this controller is illustrated  in figure 5.6A. Figure 

5.6B shows a 40 s d a ta  clip taken from a 90 s-long trial using the combined controller. 

The stick figures shown in B are reconstructed frame-by-frame from kinem atic data. The 

threshold level indicated by the dashed line on the GRF trace shown in B was used by 

the GRF rule to  term inate swing in the case where loading decayed in the stance leg. The 

rolling rule was im plemented using the displacement signal (dashed) shown in the first row of 

traces. The displacement signal is shown in conjunction w ith the trigger signal (solid) tha t 

was generated by the controller to  indicate th a t the trolley was rolling (low) or stationary 

(high). In this trial, the forward progression of the trolley was blocked by the experim enter 

(at the point indicated by the arrow in the stickfigures) in order to  test the  functionality 

of the rolling rule. Note th a t, in B, after the trolley became stationary  the legs took an 

additional step before halting in double loaded stance. This is a stable term ination point. 

At this point assistance was provided in the form of a small push applied to  the trolley in 

order for forward progression to  be resumed. The controller responded to  the movement of 

the trolley by reinitiating the intrinsically-timed stim ulation patterns. This resulted in the 

commencement of a new series of steps during which the GRF rule was evoked to  correct 

for moments of unloading.

5.4 D iscussion

The goal of this study was to  evaluate the ability of physiologically-based controllers to 

generate overground stepping, through the application of FES, in a m anner similar to the 

subconscious control seen during normal locomotion (i.e., with minimal user intervention).
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Figure 5.6: Combined control.
(A ) A S chem atic  rep resen tation  o f th e  com bined controller. T h e com bined controller co n sists  o f th e  structure o f th e  

in trinsica lly -tim ed  C P G , a s illu strated  by th e  reciprocal half cen tre m od els, w ith  th e  ad d ition  o f sen sory  inp uts  
providing in form ation  ab ou t th e  current s ta te  o f th e  system . T h e  intrinsic rhyth m  generator receives to n ic  drive (is 

turned on) du rin g forward m ovem ent ind icated  by a  d isp lacem ent signal. T h e  ex ten s io n  half-cen tre  is excited  
(resu lting  in a sw itch  to  sta n ce) w hen  th e  contralateral leg is un loaded as ind icated  by th e  G R F  signal. (B ) A  40  

s-long clip  illu stratin g  sen sory  in p u t signa ls  and phase d eterm in ation  o u tp u t signals tak en  from  a 90 s tria l using th e  
com bined controller. A  th reshold  level (dashed line) was app lied to  th e  G R F  signals and w as used to  reset th e  

in trinsically-tim ed  p a ttern  to  ex ten sion  if  th e  contralateral leg b ecam e unloaded. T h e  d isp lacem en t o f th e  trolley  
was determ ined  from  a  sa w -to o th  vo lta g e  signa l (provided by a servo p o ten tiom eter) w hich  w as m od u la ted  as th e  
platform  rolled. W h en  th e  trolley  w as stop p ed  th e  p o ten tiom eter  sign a l rem ained co n sta n t and th e  trigger signal 

was sw itched  to  th e  h igh  s ta te . If th e  trigger rem ained high for an ex ten d ed  du ration , th e  controller  respon ded by  
p lacin g  b o th  lim bs in stan ce  until th e  tro lley  resum ed m otion

5 .4 .1  C on tro ller  S tru c tu re  and  B eh av iou r

Three controllers were designed following some of the basic principles thought to  govern 

locomotion in physiological systems. Two controllers were tested thoroughly over a series of 

12 recording sessions: an intrinsically-timed controller in which phase switching was based 

on predeterm ined patterns, and a sensory-driven controller in which switching was based on 

feedback signals. A th ird  controller, consisting of a combination of these two approaches,
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was implemented in two sessions to  dem onstrate the advantages of the combined control.

The controllers were designed using a hierarchical structure of 3 concurrently running 

processes which: 1) determ ined appropriate phase transitions, 2) formed stim ulation output 

patterns, and 3) processed sensory inputs. In the intrinsically-tim ed controller shown in fig­

ure 5.2A, the phase determ ination process generated rhythm ic switching signals which were 

then used by the stim ulation output process to  generate appropriate stim ulation waveforms 

for each muscle. This structure corresponds to  a hierarchical model for the spinal control 

of locomotion consisting of separate rhythm  generation and p a tte rn  form ation layers. The 

hierarchical model was proposed based on observations of CPG driven activity obtained 

during fictive locomotion in adult cats. In these conditions, the underlying rhythm  was un­

interrupted even in the  presence of spontaneous deletions of flexor or extensor bursts in the 

respective nerves (Kriellaars et ah, 1994; Lafreniere-Roula and M cCrea, 2005), suggesting 

th a t the input to  m otoneurons is generated independently from the oscillating circuitry. 

The presence of resetting and non-resetting deletions during fictive locomotion indicates 

th a t sensory signals can access bo th  the rhythm  generation and p a tte rn  form ation layers 

of the CPG, respectively (Lafreniere-Roula and McCrea, 2005). This hierarchal structure 

was used in the present controllers because it allowed the tim ing of the gait phases (either 

through intrinsically-tim ed or sensory-driven algorithms) to  be controlled w ithout knowl­

edge of the actual stim ulation profiles. Critical points in the gait cycle (such as the onset 

of stance, swing, and retraction) were dictated by the rhythm  generation layer, which were 

then translated  into appropriate stim ulation profiles by the pa tte rn  form ation layer.

Pattern formation

The patterns used at the onset of the study consisted of basic trapezoidal activation profiles 

with all extensors active during stance and all flexors during swing. Several modifications 

were subsequently made to  the stim ulation pa tte rn  produced by the controller in order to 

improve the quality of the generated gait. Comparisons of the stim ulation envelopes pro­

duced by the controller to  EMG patterns recorded in cats during locomotion (Yakovenko 

et al., 2002) indicated striking resemblances (i.e., increasing knee extensor activation during
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swing, and bursting knee flexion at the onset of swing). Interestingly, th is evolution towards 

“norm al” activation profiles occurred entirely through efforts to improve the  quality of gait 

with the comparison to  EM G d a ta  only occurring after all d a ta  had been obtained. This 

indicates the im portance of appropriate activation profiles in the quality of overground step­

ping achieved. It also illustrates th a t it is possible to  generate overground stepping through 

the activation of only a  subset of the many muscles norm ally active during locomotion.

Rhythm generation and sensory integration

The behaviour of the intrinsically-tim ed controller was similar to  th a t of a reciprocally- 

coupled half-center as proposed by Brown (Brown, 1911, 1914) and illustrated  in figure 

5.2A. The controller generated a periodic pattern  of flexor and extensor activity in the 

absence of input signals. The sensory-driven controller more closely resembled the theory 

proposed by Sherrington in which stepping is generated solely through a  chain of reflexes 

(Sherrington, 1910). The controller had no intrinsic rhythmicity, and the switching between 

flexor and extensor activity  was completely dependent on sensory feedback signals. The 

feedback signals were also used by the controller to  m odulate the stim ulation p a tte rn  (e.g., 

increase stim ulation to  the knee extensor when a prolonged stance phase was detected).

Signals representing limb position and GRF were selected for the sensory-driven con­

troller due to  their roles in tim ing gait transitions in insects (Bassler and Buschges, 1998; 

Pearson and Duysens, 1976), cats (McVea et al., 2005; Grillner and Rossignol, 1978; Norton 

et al., 2005; Pearson, 1995; W helan et al., 1995) and hum an infants (Pang and Yang, 2000). 

Experim ents conducted in cats indicated th a t inform ation about hip angle and limb load­

ing is derived from muscle spindles in hip flexors (Hiebert et al., 1996) and Golgi tendon 

organs in ankle extensors (Pearson et al., 1998; W helan et al., 1995), respectively. Both hip 

angle and G RF play im portant roles in regulating stepping, as shown in cats w ith complete 

spinal cord injury and selective deafferentations (Norton et al., 2005). Cutaneous sensory 

input also has a m odulatory effect on the gait pa tte rn  (Bouyer and Rossignol, 2003a,b). 

This input represents loading information th a t is provided through pathways other than  

those involving the Golgi tendon organs. In order to  simplify the  design of our controllers

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 5. PHYSIOLOGICALLY-BASED CONTROL OF FES 140

we removed the redundancy of the cutaneous input th a t is normally present in natura l 

systems.

In the present study, the sensory signals were interfaced with bo th  the rhythm  generation 

(for phase transitions) and the pattern  formation (for stim ulation am plitude modulation) 

layers of the controller. Feedback to the pa tte rn  form ation layer acted to  reinforce the 

pattern  ra ther th an  generate deletions as seen during fictive locomotion. The deletion of 

an extensor phase w ithout a compensatory action would result in a loss of loading in our 

animal and was therefore not desirable.

Although neither the intrinsically-timed nor the sensory-driven phase transitions con­

sistently produced functional locomotion, we found th a t the intrinsically-tim ed stepping 

was typically more robust than  the sensory-driven stepping. This reinforces the idea th a t 

sensory inform ation may actually decrease the stability of a system by adding signal noise 

(Kuo, 2002) as well as requiring additional control param eters. However, the intrinsically- 

timed controller was unable to  respond to  changes in the sta te  of stepping caused by loss 

of traction, variable walkway resistance or muscle fatigue. For these reasons we proposed 

the use of a th ird  controller consisting of an underlying rhythm  th a t could be reset or m od­

ified as indicated by sensory feedback signals. The combined controller (figure 5.6A) was 

constructed from the phase determ ination and p a tte rn  form ation stages of the intrinsically- 

timed controller, w ith the addition of a sensory input stage which acted to  modify the 

switching of the flexion and extension half-centres. Two recording sessions were conducted 

in order to  dem onstrate the concept of a combined controller and the results indicate its 

potential in providing a versatile foundation for generating robust stepping. The sensory 

rules used in this session were designed specifically to  prevent periods of insignificant limb 

loading by influencing the rhythm  generation layer.

The design of a combined controller is not limited to  the two sensory rules implemented 

in this study and its performance could potentially be improved by designing additional 

sensory rules which also m odulate the pattern  formation layer. The rules implemented in 

this study were selected in order to  prevent the critical modes of failure seen in our model. 

Rules specific to  bipedal gait could be selected and implemented clinically. These rules
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could provide features such as stim ulation am plitude m odulation in the presence of muscle 

fatigue and phase duration m odulation either to  induce or to  respond to  changes in forward 

velocity. B uttons or switches allowing direct user intervention can also be implemented 

with the combined controller to  address situations where more specific control is required 

(such as going up or down stairs). These mechanisms would reflect the  natu ra l ability to 

provide conscious control of gait in challenging conditions.

5.4.2 Param eter Selection

We found th a t the proper selection of stim ulation param eters was critical for achieving 

successful stepping sequences. Despite the thought th a t feedback control should allow the 

system to adjust to  small imbalances, param eter selection was particularly  critical when us­

ing the sensory-driven controller. This could be due to  the fact th a t  the sensory signals were 

used strictly to  generate phase transitions. In physiological systems reinforcing/inhibitory 

reflex pathways probably play a role in adjusting the muscle activation levels in response 

to  the specific needs a t any point throughout the gait cycle (Pearson and Duysens, 1976). 

These reflexes act to  increase the force ou tput during stance and limit the  am plitude of 

the movement during swing. Implementing such feedback loops into our controller may 

have widened the range of acceptable starting  param eters for successful stepping sequences. 

However, they would have also had the effect of introducing additional param eters (such 

as acceptable sensor signal ranges and thresholds) which may have ultim ately required ad­

ditional tuning for functional operation. In addition, the use of IM stim ulation of a select 

number of muscles lim its the spectrum  of movements th a t can be generated. The differences 

in recruitm ent characteristics resulting from muscle properties and IM electrode placement 

make synergistic movements particularly difficult to generate due to  the requirem ent for 

the balanced contributions of various muscles over a range of stim ulation levels. The com­

bined controller had the  benefit of using a simple in terpretation of sensor signals in order 

to produce only the necessary changes to an underlying rhythm . Control algorithm s using 

hip angle and G R F feedback signals have also been implemented in 2D (Yakovenko et al., 

2004) and 3D (Ekeberg and Pearson, 2005) com puter models of cat hindlimb locomotion.
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Results from the 2D model indicated th a t the use of s ta te  dependent control rules similar 

to the ones implemented in our sensory-driven controller, increased the range of param eters 

suitable for stable locomotion and enabled the model to step at different velocities. Our 

sensory-driven controller probably suffered from reduced stability due to  the  complexity of 

the in-vivo system. Additional variability was introduced by sensor noise, as well as by 

muscle fatigue and recruitm ent properties. Unlike the com puter simulations, two consec­

utive trials performed in our in-vivo system would not generate identical results. For this 

reason we did not perform a detailed analysis of the stable param eter space in our system.

The 3D cat model developed by Ekeberg and Pearson (2005) was used to  examine the 

relative roles of hip angle and G RF information in the appropriate initiation of stance-to- 

swing phase transitions during overground locomotion. They implemented a s ta te  controller 

similar to  the one used in our sensory-driven system. Initially, hip angle and GRF were 

combined linearly to  determ ine phase transitions (i.e., low force would in itiate flexion at 

less extension, while high force would require more extension). They then  removed the con­

tribution of hip angle or GRF from the controller and observed the  effect on the quality of 

stepping achieved. C oordinated stepping could be generated when G RF was used alone but 

hip angle alone resulted in decoupled gait. This supports the idea th a t the point in the gait 

cycle where weight is transferred from one limb to  the other is critical and m ust be carefully 

regulated, as is done through the use of our if-then  rules. Even though both  models (Eke­

berg and Pearson, 2005; Yakovenko et al., 2004) were able to  generate stable locomotion, 

they both  suffered from high sensitivity to  param eter selection. However, a simple pendu­

lum model of rhythm ic limb movements dem onstrated th a t a com bination of feedforward 

(intrinsically-timed) and feedback (sensory-driven) control can provide improved stability 

(Kuo, 2002).

Although the goal of our study was not to  reproduce the aforementioned models, our 

findings in an in-vivo  system  extend some of the results achieved in the com puter simulations 

by incorporating real muscle properties. We found th a t in the in-vivo  system, the balance 

of muscle activation through FES becomes increasingly difficult to  achieve as a result of 

the non-linear responses to  stim ulation during individual movements (due to  the order of

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 5. PHYSIOLOGICALLY-BASED CONTROL OF FES 143

muscle fibre recruitm ent, and hysteresis) and between consecutive steps and trials (due to 

muscle fatigue). This is a property th a t is not necessarily present in com puter models, 

where the same set of initial conditions can be replicated and param eters tuned using 

optimizing algorithms. The use of stim ulation applied a t 50 pulses/s may also add to 

the instability of the responses due to  the extended p lateau region of the length-tension 

relationship of near tetanized muscle, and the sharp decay in force th a t occurs a t short 

muscle lengths. The generation of locomotion in an in tact physiological system is a complex 

task in which threshold levels and feedback signals are used dynamically to  regulate phase 

transitions and muscle activation levels. Our efforts in achieving stable locomotion using 

strictly intrinsically-tim ed or sensory-driven phase transitions leads us to  propose th a t a 

combined controller, consisting of a balance of these two components, may provide the most 

robust locomotion while still providing a fair representation of the physiological control of 

locomotion. As a corollary, the presence of “threshold levels” of supraspinal and sensory 

inputs in individuals w ith incomplete spinal cord injury has recently been suggested as a 

necessary factor for translating the benefits of body weight supported treadm ill locomotor 

training to  functional gains in overground am bulation (Dobkin et al. 2006).

5.4.3 Clinical Im plications

Electrical stim ulation to  restore movement can be controlled through either open- or closed- 

loop control. Com paratively simple systems th a t aid in restoring gait such as foot-drop 

stim ulators use closed-loop control with stim ulation being driven by signals such as leg 

angle (Dai et al., 1996) or foot contact (Burridge et al., 1997) derived autom atically during 

the step cycle. More complicated systems th a t require several channels of stim ulation to 

restore stepping in users w ith complete motor paralysis typically operate under open-loop 

control in which users initiate each step, or part of a step, through m anual push buttons.

The prim ary benefit of the controllers implemented in this study is th a t each is able 

to  produce functional ou tputs w ithout the conscious intervention of the user. The output 

patterns are either generated in a predeterm ined m anner, driven by feedback signals as the 

movements progressed, or preferably by a combination of the two.
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O ther groups have developed control strategies for restoring walking after spinal cord 

injury. A dual level (pa tte rn  generato r/pattern  shaper) adaptive feedforward controller 

which can track cyclic knee torques during knee flexion and extension movements while 

sitting has been developed (Abbas and Triolo, 1997; Abbas and Chizeck, 1995). This con­

troller used cycle-to-cycle corrections to  make appropriate modifications to  the stim ulation 

applied during the subsequent cycles. The adaptive feedforward system  was expected to 

compensate for slow changes in muscle properties and the addition of a feedback loop would 

allow the controller to  respond rapidly to  mechanical perturbations. Riess and Abbas (2001) 

dem onstrated th a t angle feedback signals can be used by the feedforward controller to  track 

cyclic movements during muscle fatigue. The sensitivity of our system  to  the selection of 

stim ulation am plitudes suggests th a t the addition of cycle-to-cycle feedforward correction 

may improve the gait by changing the stim ulation levels in order to  m aintain consistent 

movements over m ultiple steps.

If-then  rule based sta te  controllers have been used in other systems to  restore mobility. 

In one system, signals from goniometers, accelerometers and load sensors on crutches were 

used to determ ine the current position of the user (seated or standing), their intention 

to move (stand or step), and make discrete state  transitions throughout the movement 

(Veltnik et al., 1996). A feedback controller which used if-then  sensory rules determined 

from machine learning algorithms was implemented in a subject w ith complete paraplegia 

and yielded good overground stepping (Fisekovic and Popovic, 2001). In contrast to these 

systems, our sensory-driven controller is based on physiological if-then  rules for locomotion. 

We started  w ith a fundam ental set of if-then rules and a simple ou tpu t activation pattern  

and added features as required in order to  improve the quality of stepping achieved. By 

taking this bo ttom  up approach we have been able to  examine the roles of the control rules 

and activation patterns in generating stable gait.

Our sensory-driven controller uses limb position and GRF feedback signals w ith if-then 

rules to  generate appropriate phase transitions. Accelerometers have already been used 

on humans to  m easure effectively knee joint angles during standing (Veltink and Franken, 

1996) or tilt of the shank during stepping (Dai et al., 1996). These results suggest th a t the
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direct measurem ent of hip angle using accelerometers secured to  the thigh will be feasible 

in a clinical setting. We used force plates to obtain G RF inform ation since they generate 

signals th a t are simple to  interpret and have a large signal to  noise ratio. For clinical 

im plementation, force sensing resistors (FSRs) placed in the sole of the shoe can be used 

to provide inform ation about the distribution of pressure under the foot. These sensors 

have been used to  detect events in the gait cycle during walking (Skelly and Chizeck, 2001). 

Pressure related sensory signals can also be obtained through an im planted cuff placed on 

the sural nerve to  record electroneurographic (ENG) signals carried by cutaneous sensory 

nerve fibres originating from the lateral sole of the foot. Small ENG signals (5-10 //A) can 

be recorded in the presence of stim ulation evoked muscle activity (10-100 mV) by using a 

tripolar recording cuff and simple da ta  processing m ethods (Haugland and Hoffer, 1994). 

These nerve signals can then be used by a sta te  controller to  determ ine gait events during 

FES walking (Strange and Hoffer, 1999). Adaptive logic networks (ALNs) can be used to 

interpret these signals even when walking on various surfaces or while wearing different 

footwear (Hansen et al., 2004).

A study conducted to  evaluate 4 different modes of FES stepping (hand control and au­

tom atic control of slow walking, near-normal walking, and near ballistic walking) indicated 

th a t the m etabolic cost and physiological cost index of hand controlled phase transitions 

was higher when com pared to  more autom ated forms of control (Popovic et al., 2003). Al­

though ballistic walking was shown to have the lowest cost, 5 of the 6 subjects selected the 

autom atic control of slow walking to  be their preferred mode due to  the need to  coordinate 

upper and lower limb movements during stepping. The control system  was designed using a 

3D model of walking which implemented neural networks to  generate predeterm ined stim ­

ulation patterns th a t activated muscles in sequences corresponding to  the desired gait. A 

system such as this one could be used in conjunction with our combined controller in order 

to generate appropriate intrinsically-timed muscle activation sequences (as determ ined by 

the model and neural network) which could then be modified by sensory signals. These 

feedback signals could improve the ability of the user to coordinate upper and lower limb 

movements by ensuring th a t the stepping remains w ithin the individual’s base of support.
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Push buttons could also be provided allowing the user to  intervene actively in cases where 

the intrinsic p a tte rn  is not suitable for the desired task. The u ltim ate combined control 

system would achieve a balance between the low m etabolic costs of a fully autom ated sys­

tem  and the increased biomechanical stability experienced by users of m anually controlled 

systems. The use of a more fatigue resistant stim ulation paradigm  such as intraspinal mi­

crostim ulation m ight result in further improvements to  the quality of stepping achieved 

(Saigal et al. 2004).

5.4.4 Concluding Comments

In this study we have dem onstrated th a t although FES evoked overground locomotion 

can be generated using either intrinsically-timed or sensory-driven controllers, the stepping 

achieved lacks the robustness and load bearing qualities characteristic of functional loco­

motion. We dem onstrated th a t intrinsically-timed stepping is less susceptible to  failure due 

to poor initial param eter selection bu t th a t sensory-driven stepping has the advantage of 

being able to  adapt to  changes in walkway friction or muscle properties during the step­

ping sequence. A combined controller th a t has an underlying rhythm ic ou tpu t which can 

be modified by sensory signals would best resemble the rhythm ic ou tput of a locomotor 

CPG in a physiological system. A combined control system  such as this one may provide 

a means for restoring robust and functional overground locomotion for people w ith spinal 

cord injury.
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C hapter 6

General Discussion

“Now i f  I  don’t stand, step or cycle, i t ’s because I  don’t want to, not because I  can’t .”

- Julie Hill, person with paraplegia (Hill, 2000)

6.1 D iscussion

Designing a system  for restoring mobility after SCI requires a m ultidisiplinary approach 

encompassing aspects of medical science and engineering. This involves the  development 

of a m ethod for generating limb movements and a control system  for restoring the de­

sired function. T he studies presented in this dissertation address these two components of 

the system 1) by evaluating the use of different modes of FES as a means of artificially 

evoking functional movements and 2) by designing feed-forward and feedback controllers to  

coordinate these movements in a  m anner appropriate for standing and stepping.

Functional electrical stim ulation systems for restoring standing and stepping after SCI 

currently exist (see section 2.2 for a review). However, the approach taken in the  studies 

presented in this dissertation was to  apply physiological principles and biological features 

to  the design of the FES system. By taking this approach we were also able to  investigate 

the structure of the locomotor CPG and infer its role in generating overground locomotion. 

Throughout this dissertation, a large focus was placed on the development of intraspinal 

microstimulation (ISMS) as a technique for restoring m obility after spinal cord injury (SCI). 

Although ISMS has m any beneficial features (section 2.3.2) the ra te  of success of ISMS is 

currently lim ited by the hardware and im plantation procedure. Significant engineering
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issues need to  be addressed before we can continue to  evaluate the long-term  utility of 

the technique after SCI (section 2.4). By evaluating the efficacy of ISMS to generate 

prolonged standing, a function relevant to  people w ith SCI, we have dem onstrated th a t it 

is worth pursuing these technical developments. Continuous trains of ISMS were also able 

to  activate intrinsic networks w ithin the spinal cord to  generate locomotor-like patterns in 

the hindlimbs of cats w ith SCI, however, this strategy m ay not be appropriate for clinical 

im plem entation due to  the low levels of force generated. For this reason alternative control 

strategies were designed for generating load-bearing overground locomotion, and evaluated 

with intram uscular stimulation. These control algorithms can be im plemented w ith any 

mode of FES and will be tested using ISMS once some of the engineering issues have been 

addressed.

Intraspinal m icrostim ulation is a technique th a t allows stim ulation to  be applied within 

the central nervous system to  generate functional movements. Low levels of stim ulation 

passed through microwires im planted into the lumbosacral enlargement have been shown 

to evoke single joint movements and multi-joint flexion and extension synergies in the lower 

limbs. By targeting  specific m otoneuronal pools within the grey m atte r of the cord specific 

leg movements can be evoked. These movements can then be used to  restore function after 

damage to  the upper m otoneuron (i.e., SCI or stroke). It is worth noting th a t ISMS may not 

be equally suitable for restoring a wide variety of functions after SCI. For example, ISMS 

has not been effective in restoring bladder function. This may be due to  differences in the 

neural organization of the m icturition circuitry, the requirem ent for strong inhibition of the 

external sphincter and the involvement of autonomic processes in the control of m icturition.

The FES systems currently available for restoring standing and stepping often use clas­

sical peripheral FES techniques such as surface stim ulation, epimysial an d /o r intram uscular 

electrodes to  generate movements (refer to section 2.1 for an overview). These techniques 

are characterized by fast fatiguing contractions and steep force recruitm ent curves result­

ing from the reversed order of muscle fibre activation. Recent studies have indicated th a t 

ISMS has an advantage over peripheral techniques by recruiting muscle fibres in a more 

physiological order (Bamford et al., 2005). This results in the ability of ISMS to generate
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graded force profiles (Snow et al., 2006; M ushahwar and Horch, 2000) appropriate for the 

control of fine movements.

A nother advantage of ISMS is the fact th a t a broad range of movements can be evoked 

by im planting an  array of microwires within a small region of the spinal cord (approximately 

5 cm-long in hum ans). In  addition to  the fact th a t a diversity of responses can be evoked, 

a redundancy of stim ulation points can be im planted within a single m otoneuron pool 

w ithout significantly increasing the complexity and distribution of the surgical procedure. 

This allows fatigue reduction paradigms, such as interleaving or stim ulation rotation, to  be 

implemented. A lthough ISMS is currently in the experim ental phase, the results to date 

(summarized in section 2.3) provide promise for its future development into a clinically 

viable technique for restoring function after SCI.

A lthough ISMS can be used to  produce stepping rhythm s by appropriate patterning of 

independent ISMS-evoked movements of the limbs (Saigal et al., 2004; M ushahwar et al., 

2002), true functional actions such as load-bearing standing and overground locomotion 

had not been dem onstrated. The study included in chapter 3 of this dissertation evaluated 

the relative capacity of interleaved ISMS and non-interleaved IM stim ulation to  generate 

prolonged weight-bearing standing. As mentioned above, ISMS lends itself easily to  the use 

of fatigue prevention stim ulation paradigms, such as interleaving. Interleaved stim ulation 

patterns can be applied through IM electrodes, however, this is not common practice in 

clinical systems and was not implemented in our study. Reducing the stim ulation frequency 

could have also acted to  prolong the duration of standing achieved in the IM trials and 

provided a more balanced evaluation of the ISMS and IM stim ulation techniques. Our 

study dem onstrates th a t the fatigue resistant properties of ISMS, enhanced by the use of 

interleaved stim ulation protocols, results in a more consistent standing posture th an  when 

non-interleaved IM stim ulation is applied. The two stim ulation paradigm s were also tested 

using open-loop and closed-loop control algorithms in order to  achieve prolonged standing 

by minimizing the applied stimulation. These results indicate th a t closed-loop control can 

prolong the duration of standing, particularly during IM stimulation.

As mentioned above, ISMS has been dem onstrated to  recruit muscle fibres in a more
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physiological order th an  peripheral stimulation. This feature of ISMS indicates th a t its 

mechanisms of action may include an indirect activation of m otoneurons through trans- 

synaptic pathways. The preferential excitation of afferent projections (G aunt et al., 2006) 

or interneurons w ithin the vicinity of the stim ulating electrode may explain the responses 

evoked by ISMS. These neurons may then synapse onto large d istributions of m otoneu­

rons w ithin the target pool as well as pools corresponding to synergistic muscles. The 

motoneurons w ithin all of these pools are in tu rn  recruited according to  the size principle 

(Henneman et al., 1974). The ability of ISMS to activate networks of neurons can be used 

to explain the results achieved in the study described in chapter 4 of this dissertation. In 

this study, low levels of continuous ISMS (motor threshold, 40 or 50 Hz) applied through 

groups of microwires im planted in the lumbosacral region could evoke stepping-like patterns 

in the hindlimbs of cats w ith SCI. This finding is interesting because continuous trains of 

stim ulation were used bo th  in the standing study (chapter 3) and the tonic stim ulation 

study (chapter 4). Differences in the stim ulation frequency and am plitude applied through 

microwires placed in similar locations within the  spinal cord resulted in significant differ­

ences in the evoked responses (load bearing standing vs. locomotor-like a lternation). These 

results indicate th a t a shift in the dominant activation effect of ISMS occurs depending on 

the stim ulation param eters used (i.e., w ith increased stim ulation am plitude) (G aunt et al., 

2006).

Although low levels of tonic ISMS appear to activate innate locomotor networks within 

the spinal cord, the evoked movements were characterized by low weight bearing and in- 

place stepping. Therefore, this stim ulation protocol is not suitable for clinical im plementa­

tion where load-bearing and propulsive forces are im portant features of functional mobility. 

The findings described in this study may however provide some insight into the organi­

zation of the locomotor CPG  in the spinal cord. I t has been commonly thought th a t the 

locomotor C PG  has its leading areas in the more rostral regions of the spinal cord (Cazalets 

et al., 1995; M arcoux and Rossignol, 2000). However, ISMS was more effective in activat­

ing the locomotor C PG  when applied through microwires im planted in the caudal (L7-S1) 

segments of the  spinal cord, supporting the idea th a t the locomotor rhythm  generator may
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be distributed (Dai et al., 2005; Kjaerulff and Kiehn, 1996). The mechanisms of ISMS are 

not fully understood, bu t it is possible th a t ISMS excites a combination of afferent endings 

and propriospinal interneurons th a t in tu rn  recruit elements of the  locomotor CPG in areas 

rostral to  the stim ulation site (G aunt et al., 2006).

The final study included in this dissertation (chapter 5) evaluated the use of several 

different physiologically-based control paradigms for restoring overground locomotion after 

SCI. In contrast to  the ISMS protocols described above, phasic FES was applied in patterns 

through intram uscular electrodes im planted in the m ain hip, knee and ankle, flexor and 

extensor muscles of the hindlimbs. The rationale for using IM stim ulation during this 

experiment was to  allow us to  proceed with the development of a control system  in parallel 

with other projects focusing on technical issues involved in improving the success ra te  of the 

ISMS im plant. T he current lim itations of ISMS, and their proposed solutions were discussed 

in section 2.4 of th is dissertation and include difficulties in targeting the  specific m otoneuron 

pools and securing the array safely and stably to  a spinous process. The use of ISMS is 

expected to  improve the quality of gait achieved using phasic stim ulation. The graded 

force recruitm ent associated w ith ISMS could act to  prevent ballistic extensor movements 

(obtained using IM stim ulation) th a t were often associated w ith a loss of traction.

By coordinating the phasic pa tte rn  of IM stim ulation appropriately we were able to 

generate load-bearing, propulsive locomotion. The two prim ary controllers were designed 

to  mimic the roles of the CPG and sensory information during the neural control of gait. 

The CPG controller generated phase transitions based entirely on a predeterm ined timing 

pattern , whereas the sensory-driven controller used only inform ation describing the current 

position and loading of the hindlimb to initiate transitions. The study  was designed to  test 

the hypothesis th a t the sensory-driven controller would generate more stable gait due to  the 

ability to  adap t to  external conditions. However, our results indicate th a t a combination of 

intrinsically-tim ed transitions and sensory-information may provide the u ltim ate solution 

for achieving robust overground locomotion.
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6.2 Future D irections

The studies included in this dissertation were conducted in order to  examine the use of 

FES in restoring locomotion. In particular ISMS was explored as a means of improving 

on some of the current lim itations of classical peripheral stim ulation techniques. However, 

ISMS remains an experim ental technique th a t must undergo some significant engineering 

developments before chronic functional testing can be resumed. These improvements are 

discussed in some detail in sections 2.4 and 2.5 of this dissertation and funding is currently 

being sought by the M ushahwar laboratory to  initiate these projects. In  addition, develop­

ments to  the controllers for overground stepping will be made and tested in hum ans with 

various FES systems.

6 .2 .1  C r itica l E v a lu a tio n  prior to  C lin ica l Im p le m en ta tio n

There are several criteria th a t must be met before ISMS can become a clinical technique 

for restoring standing and stepping in people w ith SCI. Experim ents m ust be conducted 

to  dem onstrate th a t: 1) the ISMS implant and the long-term delivery of stimuli do not 

cause excessive damage to  the spinal cord tissue, 2) the evoked responses remain stable 

and functional for long periods of tim e in animal models of SCI, 3) a high success ra te  can 

be achieved in an anim al model in term s of microwire yield, function and stability and 4) 

ISMS can evoke a spectrum  of functional responses during intra-operative trials in hum an 

subjects.

The issue of spinal tissue health  will be addressed by chronic experim ents (30 day 

implants) currently being conducted in our lab in ra ts  w ith SCI. These experim ents examine 

the effects of repetitive stim ulation paradigms on the composition of the  stim ulated muscles 

and the health  of the spinal tissue surrounding stim ulating and non-stim ulating microwires. 

In order for ISMS to be clinically viable, spinal cord tissue health  m ust be maintained.

The long-term  stability  and functionality of ISMS in cats w ith SCI (preliminary data  

shown in section 2.3.2) m ust be evaluated once some of the technical developments to the 

ISMS system (discussed in chapter 2) have been implemented. These 6 m onth to  1 year-long 

chronic experim ents are critical in evaluating the stability and functionality of ISMS-evoked
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responses after SCI. The suitability of ISMS for restoring standing and stepping in people 

with SCI will be contingent on its ability to  consistently generate a functional spectrum  of 

flexion and load-bearing extension movements throughout these chronic experiments.

A high success ra te  in microwire yield, function and stability needs to  be established 

in an anim al model prior to  im planting full ISMS systems in hum an volunteers w ith SCI. 

These rates of success should be comparable to  those achieved w ith established im plants 

such as deep brain  stim ulators (Volkmann, 2004).

Intra-operative evaluations of ISMS should be performed in hum an patients th a t are al­

ready receiving laminectomies as p art of other surgical procedures. These trials will provide 

information about the practical aspects of implementing this technique in hum an subjects, 

such as array design, insertion techniques, and fixation strategies as well as its ability to 

generate functional movements. Histological evaluations after chronic ISMS experiments 

indicate th a t the fine microwires cause minimal damage to  the surrounding spinal cord 

tissue (Prochazka et al., 2001), and suggest th a t acute testing in hum an subjects will not 

result in adverse effects. The histological d a ta  obtained from ra t experim ents (discussed 

above) will also be considered before attem pting acute im plants in hum an subjects.

After these criteria have been m et, the next step would be to  in itiate clinical trials 

where people w ith SCI are im planted with ISMS arrays with the goal of restoring standing 

and stepping. These im plants could be used in conjunction w ith o ther rehabilitation ap­

proaches (i.e., treadm ill training an d /o r application of pharmacological agents) to  improve 

the ultim ate functional outcome.

6.3 Concluding Com m ents

The field of neural prostheses and interfaces is in an exciting stage of development. W ith the 

current improvements in engineering and medical sciences we can now interface electronic 

systems with the spinal cord and the brain. Of particular interest is the advancements 

made to  the development of brain-com puter interfaces (BCIs) which enable otherwise inca­

pacitated individuals to  control external devices through the use of volitionally controlled 

signals (B irbaum er et al., 1999; Kennedy et al., 2004; M uller-Putz et al., 2005). Using
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signal processing algorithm s two independent control signals can be extracted  from elec­

troencephalogram  (EEG) electrodes placed on the surface of the scalp (Wolpaw and McFar­

land, 1994) to  control the movements of a com puter cursor in a 2D environment. Monkeys 

(Taylor et al., 2002) and hum ans (Hochberg et ah, 2006) have been im planted w ith cortical 

recording electrodes for control of com puter cursors and other electronic devices. The ISMS 

technique should benefit from the developments in BCI systems, by allowing a user to  con­

trol a standing and stepping FES system by thought processes (M ushahwar et ah, 2006). 

It was not too long ago th a t we could only dream about the possibility of “bridging the 

gap” created by a lesion in the spinal cord. However, the current developments being made 

to neural recording and processing algorithms, and central stim ulation techniques such as 

ISMS indicate th a t perhaps this goal is not as far fetched as it m ay have once seemed.
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