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.. ABSTRACf 

Peripheral nerve in jury results in a muscle fiber degt'neration and fihrosis that 

will limit the functional return that one anticipates following a mierosurgical ncrve 

repair. The clinical use of electrical stimulation (ES) to induce muscubu contraction 

in the denervation period to prevent muscle atrophy has becn limitcll hy ilS 

transcutaneous application. 

Recently, a totally implantable ES method was lIeveloped hy Nel11oto. 

Williams, et al 1 and 'confirmed by Durand and Willillms2• The major diffcrencc in 

their results was the sparing of Type Il (fast) muscle fibers by ES in the latter 

experiment. The purpose of this project is to stully the impHct of ES in a more 

proximal nerve injury; to c1arify the muscle fiber type effeet of ES; and tn assess the 

functional impact of ES on reinnervation. 

Using a dog model, two experimental groups were defined. In group l, the 

common peroneal nerve of the right hind Iimb was cut and repaired l11icrosurgically 

12 cm from the tibialis anterior muscle (fast muscle). Electrodes (applicll to the 

muscle) and an Itrel pulse generator were implanted, and ES was delivcrcd at H5 Ilz, 

.45 msec pulse duration, 10.5 V, 1.5 sec every 24 sec (n =4). Group 2 was similar 

except there was no ES (n=5). Mter sixteen weeks, muscle wcight, functiol1, 

histochemistry, and microscopic morphology were assessed. 

Comparing the experimental side to the normal contralateral muscle, ES 

versus no ES resulted in a preservation of muscle weight- 73% vs 39% (p < ,U J); 

twitch tension- 21% vs 7% (p<.OOI); nerve stimulated tetanic tension- 23% vs 7% 

(p < .05); direct muscle stimulated tetanic tension- 43% vs Il % (p < .01); Type 1 fihcr 

area- 69% vs 46% (p<.05); and Type Il fiber area of 63% vs 34% (p<.05). Thcre 

was no statistically significant difference between the two groups in the fiber type 

proportions; both groups showed a relative fourfold decrease in the number of Type 
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Il muscle fibers. The contraction times, one-half relaxation times, and unfused 

tetanic profiles a,Jso demonstrated a slowing of both muscle groups compared to the 

normal muscle. 

The results of this project support the hypothesis that continuous, impJantable 

ES delivered over and extended period of time has a positive functional and 

morphologicaJ impact on denervated muscle. The use of a fast frequency (85 Hz) 

~timulation regime did not, however, prevent the transformation of the fast tibialis 

ante ri or muscle into a slower type muscle. A1so, a comparison of the direct muscle 

stimuJated tetanic tension to nerve-stimulated tetanic tension reveals that 

rcillnervation was not adversely effected by ES. 
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RESUMÉ 

Les lésions des nerfs périphériques résultant de la dégénémtion et de kl 

fibrose des fibres musculaires limitent le retour fonctionnel que l'on peut ~mticiper 

suivant la réparation du nerf par la microchirurgie. L'utilisation clinique lie la 

stimulation électrique (SE) pour provoquer la contraction musculuire lors lie la 

période de dénervation, pour prévenir l'atrophie, a été limitée par son uppliClltioll 

trans-cutanée. 

Récemment, une méthode de SE implantée fut développée pur Nemoto, 

Williams et al et confirmée par Durand et Williams. La différence majeur de leurs 

résultats fut la conservation du muscle de type Il pur la SE de lu dernière 

expérience. Le but de ce projet est d'étudier l'impact de la SE pour une lésion a 

un nerf plus proximal; de clarifier l'effet de la SE du type musculaire; ct d'évuluer 

l'impact fonctionnel de la SE sur la réinnervation. 

En utilisant le modèle du chien, deux groupes expérimentuux furent définis. 

Dans le groupe 1, le nerf péroné de la main droite fut couper el réparer par 

microchirurgie 12 cm du muscle tibialis antérieur. Des électrodes (appliquer au 

muscle) et une batterie Itrel furent implantées, et la SE fut délivrée a H5 IIz, 

.45msec de duration, 10.5 de voltage, 1.5 secondes a toutes les 24 secondes (n = 4). 

Le groupe 2 fut similaire sans qu'aucune SE fut appliquée (n = 5). Après seize 

semaines, le poids, la fonction, l'histologie, et la morphologie microscopique du 

muscle furent évalués. 

En comparant le coter expérimental au muscle controlatéral normal, la SE 

contre la non SE eu comme résultat la préservation du poids du muscle 73% contre 

39% (p< .01); une tension contractée de 21 % contre 7% (p< .(01); la stimulation du 

nerf de tension tétanique de 23% contre 7% (p<.OS); la stimulation directe du 
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muscle de tension tétanique de 43% contre 11% (p<.Ol); région de la fibre type 1 

69% contre 46% (p < .05); région de la fibre type II 63% contre 34% (p < .05). Il n'y 

a pas eu des différences statistiques significatives entre les deux groupes reliés a la 

proportion des types de fibres; les deux groupes démontrèrent une baisse relative 

quadruple dans le nombre des fibres musculaires de type II. Le temps de 

contraction, une demie le temps de relaxation, et le profil infusé tétanique 

démontrèrent aussi un ralentissement du muscle dans les deux groupes compares au 

muscle normal. 

Les résultats de ce projet supportent l'hypothèse que la SE implantée de 

façon continue délivrée sur une période étendue de temps a un effet positif sur 

l'impact fonctionnel et morphologique des muscles dérivés. L'utilisation d'une 

fréquence rapide (85 Hz) de stimulation n'a cependant pas prévenue la 

transformation du muscle tibialis antérieur en un muscle de type plus lent. Aussi, 

une comparaison du muscle directement stimulé de tension tétanique au nerf stimulé 

de tension tétanique révèle que la réinnervation ne fut pas défavorablement 

affectée par la stimulation électrique. 
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INTRODUCfION 

Our ability to interact with our environment is determined by the nearly 

infinite complexity of our nervous system; from our most basic sensory perceptions 

to our most elaborate motor endeavors, the intricacy of our functional existence is 

boundless. 

One of the important characteristics we possess is our capacity for motion, 

and this ability depends on a functioning neuromuscular interaction. In peripheral 

nerve injury, this system is specifically disrupted and may result in a permanent 

disability unless specific therapy is provided. 

An important initial therapeutic measure is the repair of the injured nerve. 

With the development of microsurgical ski lis, the suturing of peripheral nerve 

lacerations has become widespread and has resulted in a substantial improvement 

in patient prognosis. Neuromuscular functional recovery is also dependent on the 

presence of viable muscle tissue. Denervation can cause irreversible structural 

damage to muscle such that even if normal neural regeneration occurs, there still 

mny be no return of normal motor activity. 

This research project and thesis are part of an ongoing effort in Dr. 

William's laboratory at the Montreal General Hospital in which muscle 

preservation in denervation in jury is being assessed. Wbile there are several 

different methods currently bcing used to trcat this condition, wc have focussed 

on the use of a totally irnplantable system. This system is designed to deliver 

electrical stimulation (ES) to the denervated muscle while the process of 

reinnervation is occurring. The overall goal of tbis collective effort is to add to 

the therapeutic arrnamentariuOl of health care professionals in preserving muscle 

form and function in peripheral nerve in jury. 



The specifie goals of this project are to assess the ability of canine muscle 

to respond to ES over a prolonged period of time (four months); to measure the 

physiological, morphological and biochemical consequences of ES; and to 

determine if ES has any negative influence on neural regeneration. 

To achieve these goals, we have used our implantable ES system and a 

newly developed force transducer platform which enables us to make accumte and 

reproducible in situ muscle force and velocÎty measurements. Our priority in data 

procurement has been the use of measureable physiological parameters of muscle 

form and function, and our conclusions are based on this quantitative data. 



( CLlNICAL HISTORY OF NERVE REPAIR 
AND ELECI'RICAL STIMULATION 

While Hippoc:rates of Los is rec:ognized as the most famous physician of 

the Classic Period, he faited to appreciate the difference between tendons and 

nerves (Figure 1). It was Clarissimus Galen (131-201 AD), a physician to the 

Roman Gladiators, who dissec:ted the bodies of many apes (and two humans), 

who made this distinction (Figure 2). He is also credited with defining the dura 

and the pia mater, and descrihing the third and fourth ventric:les, the hypophysis, 

and seven of the twelve cranial nerves.3 

Figure 1: Hippocrates (460-377 BC) Figure 2: Clarissimw 
Galen (130-200 AD) 
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Rhazes, an Arabie clinician of Bagdad in the ninth century, is credited with 

the first suture repair of a severed peripheral nerve though the results of his effort 

remain unknown (Figure 3). This approach to nerve in jury was not, howevcr, 

widelyaccepted. Ambroise Pare (1510-1590) wrote that a partially severed ncrve 

should be totally divided to inhibit the likelihood of convulsions (Figure 4). Pare 

was not alone in bis lack of understanding of the pathophysiology of nerve 

injuries. Virchow himself is quoted as saying "nerve gaps over 10 cm long may 

not completely regenerate, but in time, function return is sometimes 

unbelievable ... 4 

Figure 3; Rhazes (841-926) Fipre 4; AmbrQise Pare 0510-1590} 
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This hesitation to treat nerve injuries was not simpJy related to a Jack of 

understanding of physiological principles. The main obstacle to the early surgeons 

was that of wound sepsis, with tbe gunsbot wound being the worst offender. 

Firearms were introduced into Europe in the fourteenth century and their 

destructive force resulted in increased tissue damage and often fatal infectious 

complications. The use of these weapons in warfare was so common that by 1794 

Hunter already observed that "Gunshot wounds are now becoming almost a 

distinct branch of surgery:,5 Thus, up until the mid nineteenth century, the usual 

approach to wounds with peripheral nerve injuries was to sacrifice the useless 

extremity. 

The first significant advance in the total therapeutic approach to peripheral 

nerve injuries was that of Silas Weir Mitchell (1872).6 Mitchell was a surgeon in 

the US Army during the Civil War stationed in the Philadelphia Hospital (Figures 

5 and 6). The casualties were enormous and his writings dealt with the "vast 

collection of wounds and contusions of nerves, incJuding ail the rarest forms of 

nerve lesions of almost every great nerve in the human body." 

He fully supported the direct repair of nerves with a properly applied end 

to end suture ligature made of fine wire or tinen. He also noted that "nothing is 

more fatal to reunion of nerves th an the formation in the wound of large amounts 

of matter". 

In addition to Weir's understanding of neural healing, he also appreciated 

the important role the muscle pJayed in the final result. He described the process 

of muscle atrophy including the muscle shortening and the blood supply 

diminution. To combat these problems, he succinctly stated: 

"wc \'cry carly rcachcd the conclusion that it was wiser in all cases, to apply to the 
muscle the stimulus of electricity rather than to leave il 10 jtself ... when once lhe 
nerve is repaired il finds the muscle in a far better condition to profit by this then 
could othcrwise be the case.· 

------------------------------------------------------------
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Figure 5: Sketch of Civil War hospital ward 

t Figure 6: Piloto of Silas Weir Mitcllel (1829-1914) 
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The next great contributor to the field of nerve injuries was James Sherren 

(1908).7 He also advocated the end to end suture of nerves (sterile catgut) but 

first he would trim the ends of the nerve transversely with a sharp scalpel; 

"Scissors should never be used for this purpose", he wrote, "their crushing action 

may prevent reeovery." More important, perhaps, than his understanding of nerve 

repair was his dear recognition that the operation "is but one step in the 

treatment." This post operative care, he acknowledged, could be required for 

months or even years. Massage, movements, and electrieal stimulation were part 

of this extensive care. He wrote "electrical treatment should be carried out 

whenever possible". 

Robert Jones, a British surgeon in World War 1, also realized the 

importance of post operative therapy in nerve injuries; he is credited the 

establishment of specifie Orthopaedic Centres to handle the wounded soldiers. In 

this Centre, the peripheral nerve in jury patients were segregated in a specifie 

location and given complete physiotherapy and rehabilitation, incJuding electrical 

stimulation therapy.8 

With Carl Olaf Nylen's introduction of the microscope into clinical surgery 

in t 921,' and Holmgren tmd Zeiss' design of the first binoeular surgical 

microscope; the repair of severed nerve ends became more precise than ever. In 

addition, newer and finer needles and sutures were developed. The limiting 

f .. ctor in the success of peripheral nerve surgery became the availability and 

feasibility of the post operative care. Bristow, in reviewing the surgical experienee 

of World War 1 and Il, wrote in 1947 "the value of interrupted galvanism must be 

weighed against the economic factor - the loss of time and work during their 

attendance or in transit to hospital or clinic.,,9 This remains the main deterrent 

to the widespread use of electrical stimulation in de nervation in jury, and the 

reason that in this project we are testing the feasibility of an implantable, 

autonomous ES system. 
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NEUROMUSCULAR FUNCTION 

The interaction between nerves and muscles in the production of 

movement has long been an area of active speculation and research. In the 

nineteenth century, the scientists were in doubt as to where the property of 

contractility originated. The "Halle ri ans" maintained that the muscle was 

intrinsically capable of contraction white the "Neurologists" believed the 

8 

contractile mechanism was confined to the nervous tissue. lO Reid (1841) 

introduced the concept of chronic electrical stimulation (ES) of denervated muscle 

to address this question. He stimulated denervated frog muscle in his study and 

correctly concluded that while the action of voluntary contraction is dependent on 

an intact and functional nerve, the contractile mechanism itself was innate to the 

muscle. Because of this original work, and that of the aforementiol1ed piol1cers in 

wartime surgery, ES and its effects on neuromuscular activity continue to he focal 

points for researchers and clinicians. In the following section, the details of 

neuromuscu]ar function will be outlined with reference to the researchers who 

have addressed the increasingly comp]ex issues. 
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The Motor Unit and Muscle Fiber Types 

Lidell and Sherrington first introduced the concept of the motor unit - the 

basic functional unit of the motor system.l1 It is comprised of the large anterior 

horn ce)), its motor axon, and ail the muscle fibers it innervates (Figure 7). 

spinal 
cord 

motor unit 1 

motor UOit 2 

muscle tlbers 

Figure 7: Schematic representation of the Motor Unit 

The number of muscle fiber cells innervated by a given motoneuron is 

v~lriable and depends on the function of the muscle. Neurons which control 
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muscles involved in fine movements tend to innervate only a few muscle fibers 

each. For instance, the extraocular muscles are believed to have a neuron to 

muscle fiber ratio as low as one to one. Larger and more powerful muscles, su ch 

as the glutei or quadriceps femoris muscles, have several hundred muscle fibers 

supplied by one neuron12• 

Apart from size, mot or units also differ in mechanical, structural, ~lI\d 

chemical properties; this is defined in terms of motor unît typing. Type 1 (type 

S, slow twitch) motor units are characterized mechanically by slow twitch 

contraction and one-half relaxation times; small twitch and tetanic force 

production; "sag" in non fused tetanic contractions; and a high resist~lIlce tn 

fatigue (see later for formai definition of terms). Type 2 (type F, fast twitch) 

motor units are more rapid in their contraction and relaxation velocîties; have a 

greater force production capacity; and do not sag in non-fused tetanic 

contractions. Type 2 fibers are variable in their resistance to fatigue and arc thus 

further subclassified into fast, fatiguable and fast, fatigue-resistent motor unitsY 

Ali the muscle fi bers in a given motor unit are of the same type (Figure 8 and 

Figure 9). 
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Table 23-2 Characterlstlcs of Predominant Motor Unit 
Types ln Cat Medial Gastrocnemius Muscle 

Motor Unit Type 

Muscle liber type 
Muscle flber size (cross-

sectlonal area, .,.m2) 

s 
1 
1980 

FR 

lIA 
2370 

Tetanlc tension (mN) 10 150 
Twltch contraction tlme (ms) 50 25 
Profile of unfused tetanus nonsagglng sagglng 
Fatigue Index' 1 >0.75 
Inn8fYatlon ratio 550 500 
Specifie tension (Nlcm2)t 6 22 

Arter Burke, R.E. Handblc. Physlol. Sec. 1, 2(1):345-422, 1981. 
'Force after 2 min stimulation/Initiai force. 

FF 

118 
5290 

640 
24 
sagglng 
<0.25 
700 
24 

tTetanle tension normallzed to muscle flber cross-sectlonal area. 

Hgure 8: Stnlctural and Contractile Fiber Type Features 

11 

These broad, mechanical features used to classify fiber types are a 

reflection of their histological and chemical variation. For instance t type 2 muscle 

fibers have the greater cross sectional area and this would in part explain their 

i ncreased force production. As weil, they have a more abundant supply of 

glycolytic enzymes and fewer mitochondria, resulting in a reduced capacity for 

endurance work. The presence of a distinct "fast" myosin A TPase, which can be 

selectively stained for in light microscopical analysis, is a key contributory factor 

to the increased speed of type 2 fiber contraction and relaxation. Type 1 muscle 
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fibers are smaller, predominantly oxidative, and have a "slow" myosin ATPHse 

which can also be selectively stained for.t4 

Table 23-. Profiles ot Predominant Muscle Flber Tvpes 

FlberTyPM 

Hlslochemlcal leatures' 
Myollbrll ATPase 

IpH9.) 
NADH 

dehydrogenase 
Succlnlc 

dehydrogenase 
Men-,,-GPD 
Glycogen 
Phosphorylase 
Neulral laI 

Blochemlcal'ealures t 
AM ATPase, 

I1mollmln/mg (pH 
U) 

Laclale 
dehydragenase, 
I1mol/mln/g 

Succlnlc 
dehydrogenase, 
I1mollmln/g 

Hexoklnase, 
nmol/mln/g 

Myoglabln m~g 
Morphology' 

Dlameler 
Capillary supply 
Z IInes 
Mllochandlla 
SR and '-Iubular 

syslem 

Low 

High 

High 

Low 
Low 
Low 
High 

00. 

105 

20 

980 

Small 
Rich 
Wide 
Rich 
Leas' 

lIA 

High 

Mertlum-htgh 

Medlum-hlgl't 

High 
High 
High 
Medium 

016 

220 

25 

620 

Medium 
Rich 
Narrow 
MOderale 
MOle 

• 
High 

Low 

Low 

High 
High 
High 
Low 

021 

01 

JOO 

03 

Large 
Spatse 
Narrow 
Sparse 
MosI 

Aller Burke, RE Hondbk Physioi sec " 2( 1) US '22, 1981 
'Cal 
tGulneaplg 
Am aclomyoStn, Men -" -GPD menadlone Itnked " 

glycerophosphole dehvdrogenase, SR sorcoplasmlc relie: 
ulum 

Figure 9: Histological and Biochemical Fiber Type Properties 

The muscle fibers (cells) are the functioning contractile components of 

specifie muscles. Unlike other mammals, human muscles are ail composed of 

12 
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both type 1 and type 2 muscle fibers in nearly equal proportions. Sorne human 

muscles have an imbaJance in the ratio (eg soleus is 60 - 80 % type 1) but this is 

the exception rather than the rule.1S 

Motor Unit DitTerentiation 

Whilc researchers may agree on the descriptive features that characterize 

muscle fiher types, the cause of this variation is a much debated topie. 

Specifically, the contribution that the neuron rnakes to motor unit variation and 

diffcrentiation, as opposed to the role of muscle activity, is an area of active 

speculation. 

It was Eccles ct al. in 195816 who suggested that muscle fiber type is 

dictnted by the neuron. Cross-innervation experiments demonstrated that when 

nervcs to fast and slow muscles were cross transplanted, the muscle properties 

changed Heeording to the new nervous supply. Davis and others believe that there 

are specifie neurotrophic factors which are responsible for this transformation. 

Other explanHtions are, however, possible. Fast and slow motoneuron generate 

differcnt patterns of impulses (Fishbach and Robbins,1969; Hennig and Lomo, 

19S5)17, and Vrbova (1963) proposed that the impulse activity imposed on the 

III li !Ide via the motor nerve (and not simply the neural presence) dietated the 

muscle fiher type. 18 Evidence supporting this cornes from experiments in which 

fast muscles became slower when their nerves are stimulated chronically by a 

IHrge llul11ber of stimuli at 10 Hz (slow pattern, Salmons and Vrbova, 1969; Peue 

ct al, 1973)19, and slow muscle became faster when stimulated by brief trains of 

stimuli at 100Hz (fast pattern, Smith, 1978; Hennig and Lomo, 1987). Hence, the 

frequency (measured in hertz) of stimulation, and not a specifie neurotrophie 

substance, WHS postulated to be the key factor in determining muscle fiber type. 
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In the above experiments, however, the relative importance of impulse 

activity versus neurotrophic substances was not clarified because the muscles in ail 

cases were subjeci to both activity and neural influences. To circumvent this 

problem researchers have performed experiments on denervated muscle in which 

the activity was artificially induced by exogenous electrical stimulation (Lomo, 

1974,1988; Westgard,1980; Nix,1985; Gunderson,1987 )20. This approach is 

similar to that of Reid in 1841. 

The results of these experiments remain controversial. White rescnrchers 

such as Lomo, Westgard and others, believe that muscle fiber type is mainly a 

function of the frequency of stimulation, be it neural or electrical in origin, othcrs 

have different interpretations. For them, the total aggregate activity (the nllmher 

of contractions per day) is believed to be the most important factor in 

determining the muscle fiber type.21 

This issue will be discussed further in the "Muscle Preserv~Hion", 

"Stimulation Parameters", and "Discussion" portions of this presentation. 
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DENERVATION INJVRY 

Classift&:atlon 

Seddon has dassified nerve injuries into three types based on the 

pathophysiology.22 Neuronopraxis is a form of compression in jury whereby there 

is no gross anatomical destruction of the nerve structure but the axons are unable 

to generate membrane potentials. The result is a temporary functional deficit and 

spontaneous recovery usually accors within six weeks of the in jury. 

Axonotmesis occors when there is both axonal and myelin 1055, but the 

endoneurial connective tissue scaffolding of the nerve remains intact. Distal to 

the lesion, there is atrophy and destruction of the axons, but proximally the 

nervous tissue remains Viable. This is referredcto as wallerian degeneration as it 
was first described by Waller in 1852.23 Spontaneous,recovery is expected 

because the axons grow into the preserved distal endoneurial sheaths. No active 

therapeutic intervention is required. 

In neurotmesis~ the peripheral nerve is completely severed. If tbis is a 

proximal in jury, recovery of normal muscle function will ooly occur if a surgical 

reapproximation is performed. This is the tYPe of injury that wu studied in tbis 

work. 

Nene Repair 

The goal of nerve repaîr is to construct a juncture aeross which 

règenerating axons can advance. This can be done in any of three ways. In the 

whole nerve repair, the external epineurium is approximated (Fig tOA); in the 

grouped fascicular repair, the internai epineurium is sutured (Fig lOC).'JA Also, 

the individual fascicles could be separately approximated (Fig lOB). 
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Figure 10: Nerve Repair Techniques 

While there are researchers investigating the feasibility of fibrin glue and 

Lasers for neural anastomosis, the current clinical golden standard is the ncrve 

suture technique. 

Nerve repairs should occur at the earHest possible time following injury. 

When the nerve has been sharply transected in a clean fashion, this can be donc 

immediatelyand is referred to as a primary nerve repair. If contamination is 

suspected, the wound can be cleaned and debrided and nerve repair can most 

safely be done three to four days after the injury; this is termed a delayed primary 

closure. There are circumstances, such as when signjficant crushing or stretching 

has occurred, when it is best to clean, repair, and stabilize the surrounding tissue 

and return in four to six weeks for the nerve repair; this is termed a secondary 

nerve repair.2S In this experiment, a primary, whole nerve repair was performed. 
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Nene Regeneration 

ln axonotmesis or repaired neurotmesis injuries, neural regeneration will 

occur in a proximal to distal direction. The axons will require about three weeks 

to cross the suture line and thereafter will grow at a rate of about 1 mm per 

day.26 

ln the normal situation, muscle fibers of a given motor unit have a 

scattercd distribution within the muscle; following neuronal in jury, each axon 

rcgenerates to a specifM: region and thus the muscle fibers of a motor unit are ail 

adjacent to each other. This is referred to as type grouping.27 

Regenerating axons are most apt to establish synapses at the site of the 

original end plate. Innervated and functionally active muscles do not tend to 

accept further innervation; that is, each muscle fiber is contacted by only one 

axonal terminal.28 

Ncnc Rcgencration and Electrical Stimulation 

Thenlpeutic electrical stimulation (ES) in denervation in jury results in an 

uctive muscular contraction in the absence of any neuronal input. An important 

physiological and clinical question is whether this exogenous stimulation interferes 

with the reestablishment of functional synaptic contacts. There is no general 

consensus on this point. 

The following researchers are among those who emphasize the negative 

impact of ES on neural regeneration. Frank noted that decreased neuronal 

activity \\las more conducive to an increase in the axon terminal arborization size 

und the number of synaptic connections.29 Cohan observed that low frequency 

ES reversibly arrests the growth of neurite in isolated neuron cultures.3O 



Schirnrigk'l and Miche132 are two others who support the idea that 

reinnervation and subsequent muscle recovery may be delayed by ES. 

A1ternatively, Jansen et al have demonstrated that ES which completely 

blocked the development of denervation induced ACh hypersensitivity, impaircd 

foreign, but not self, reinnervation.33 Hoffman showed by histologie techniques 

that after partial denelVation, ES of intact neurons accelerated the growth of 

nerve sprouts from intact axons.34 Herbison performed rat muscle de nervation 

experiments and showed ES was found to neither enhanee or impair 

reionervatioo.3s 

To study the effeet of ES 00 reinnervation, we performed a quantitative 

analysis of force production in the stimulated and the nonstimulated groups. 

18 
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CHARACTERISTICS OF DENERVATED MUSCLE 

Denervated muscle is substantially different from normal muscle. 

Clinically, one can readily observe the 1055 of voluntary and reflex activity. This is 

fo]Jowed by a progressive muscle atrophy over the ensuing weeks and months. 

These obvious consequences of denervation are ooly a small reflection of the 

profound morphological, bioehemical, physiological and mechanical 

transformation that is occurring. 

Muscle Morphology 

The most obvious morphological alteration in denervated muscle is its 

diminution in size. This muscle fiber atrophy is caused, in part, by the 1055 of its 

myofilamentous elements (aetin and myosin). This can be quantified in the 

cxperimental setting by using either muscle weight Of, preferably, microscopie 

muscle fiber area measurements. 

Sunderland reviewed the literature on this subject and he conc1uded that a 

dellervated muscle would lose about thirty percent of ils initial weight in the first 

mon th, 50 to 60 percent by the end of the second month, and then a plateau loss 

of 60 to 80 percent would be reached by four rnonths.36 

Microscopie muscle fiber area measurernents parallel these weight changes, 

and one observes a decreased muscle fiber area and a proliferation of 

interfascicular connective tissue as the denervation period progresses. The cross 

section al view demonstrates small fibers that are acutely angular in shape rather 

than the normal polygonal configuration.3? In the final stages of degeneration, 

ail the contractile myofibrils may be lost and only tubes of endomysial connective 

tissue, containing degenerating chains of nuclei, remain. Such fibers are present 

in human muscle after one year of denervation.38 Sorne contend that there is a 
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preferential atrophy of the Type Il muscle fibers in this setting, but this is not a 

universally accepted concept.39 
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On electron microscopy, mean fiber area decreases (by 80% over tluce 

weeks in rats). Mitochondria become smaller in size over time; and insteud of 

maintaining their normal transverse orientation, they reposition in a longitudinall 

direction. The sarcotubular components become increasingly irrcgular in 

distribution and relatively more abundant.40 Also, the motor endplate f1attcns 

out; and the postjunctional folds decrease in amount and size, and becomc more 

irregular in appearance. 

It was Hines and Knowlton who first correctly obscrved that the 

degenerative muscular changes in denervation in jury are species specifie. I-ligh 

metabolic rate, short lifespan species (eg rats) show more rapid atrophy tlmn 

larger animaIs and humans.41 

Muscle Biochemistry 

Denervated muscle is known to have a decreased rate of DNA and protein 

synthesis as well as an increased rate of protein degradation.42 This results in 

reduction in the muscle's structural protein content and a decrcase in the activity 

of the glycolytic and oxidative enzymes. 

In addition there is a proliferation of extrajunctional ACh receptors. This 

results in a muscle hypersensitivity, an effect first seen by Brown in 1937 when 

muscle contractures were observed in chronically denervated muscles in response 

to extremely smaU doses of ACh.43 ln normally innervated muscles these 

receptors are only localized in the endplate region. In developing and denervated 

muscles, however, we see this diffuse scattering of these receptors over the enlire 

surface of the muscle membrane.44 As weIJ, there is a rapid loss of 
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acetylcholinesterase in the motor endplate region. This enzyme is responsible for 

the degradation of the acetylcholine neurotransmitter.4S 

Muscle Physiology 

The earliest detectable change after denervation, first identified by 

Albuquerque in 1971, is a fall in the resting membrane potential.46 The cause of 

this unknown, though it occurs approximately six hours after denervation and 

prior to any quantifiable reduction in neurotransmitter release. 

In addition to this early membrane alteration in denervation, the 

contractile properties of the muscle are also abruptly transformed. Specifically, a 

prolongation of the action potential develops. This results in an increased 

intrafibrillar calcium which is presumably responsible for the prolongation of the 

twitch contractions observed in denervated muscle. The calcium uptake by the 

surcopIasmic reticulum also decreases with denervation and contributes to the 

prolonged contraction and relaxation times.47 

The development of fibrillation potentials can also be observed, usually 

within two or three days of denervation. These are spontaneous uncoordinated 

rhythmic twitchings of the muscle fibers that are ooly apparent if the muscle is 

visibly exposed or if EMG electrodes are applied (Figure Il). Early investigators 

thought these fibrillations caused muscle fatigue and facilitated the atrophy 

process; this assumption has subsequently proven to be false.48 
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Muscle Mechantes 

As a consequence of the aforementioned morphological, biochemical, and 

physiological alterations, the mechanical, contractile properties of denervated 

muscle change as weil. 

In lieu of the muscle atrophy, it is not surprising that the forces of the 

twitch and tetanic tensions decrease in denervated muscle. Also, the contraction 

and relaxation phases of the twitches become slower; some believe that this only 

occurs in the Type II muscle fibers while others claim that the same holds true for 

the Type 1 fibers as well.49 Muscle atrophy, force, and fiber type preservation are 

ail specifically addressed in this project. 

Figure Il: Lower tracing shows denervation fibrillation pOlenlials 
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MUSCLE PRESERVATION 

Even when reinnervation does occur following nerve in jury, the muscle will 

be downgraded to a decreased functional capacity if too much time has e)apsed. 

To combat this problem, and to further the understanding of neuromuscular 

interaction, researchers have been interested in the feasibility and dynamics of 

muscle preservation. The two major consequences of denervation are the absence 

of any neurotrophic influence and the absence of muscle activity; both play a rote 

in muscle preservation. 

Neurotrophic Substances 

The concept of a neural influence on muscle integrity, which is activity

independent, was suggested by Tower in 1935. She observed that the atrophy in 

paralyzed muscles in paraplegie muscles (neural contact still established) was not 

a~ great as the atrophy in denervated muscles.so 

This neurotrophic element was best defined by Gutmann (1916) as "long

term maintenance regulations not mediated by nerve impulses".Sl The evidence 

for its role in muscle preservation cornes from both nerve stump and axoplasmic 

block:lde studies. 

Severa) investigators have established tbat the normal physiological 

consequences of denervation can be altered by the length of the nerve stump 

ttttached to the denervated muscle. Albuquerque showed that the normal drop in 

the resting membrane potential seen after denervation injury decreased more 

rapidly if the nerve was eut near to the muscle rather than far from it.52 Luco 

first demonstrated that muscle fibrillations and ACh supersensitivity were also 

nerve stump length dependent. 
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The axoplasmic flow studies support the nerve stump studies in 

demonstrating the important neural role. The specifie blockade of this neural 

transport mechanism (by giving vinblastine or colchicine) causes denerv~ltion type 

changes even though an action potential can still be propagated. In particulnr, 

one can observe Ach supersensitivity and a fall in the resting membrane 

potential.S3 

Another method of demonstrating the importance of neurotrophic 

substances was that of Davis who showed that by injecting nerve extract into 

denervated muscle, there was a relative sparing of muscle weight and total protein 

content. She noted that almost 50% of the type liB fiber atrophy was prevcnted 

by this method.54 

While the importance of neurotrophic substances in muscle preservation is 

well accepted, the exact compounds themselves have never been precisely 

identified. AIso, a practical system of delivery of these substances to the 

denervated muscle has never been developed. For these reasons, the optimizatiol1 

of electrically induced muscle activity remains the most important tool in the 

experimental and clinical setting in muscle preservation. 

Muscle Activity 

The rationale for stimulating denervated muscles is obvious: an exercised 

muscle is stronger and healthier in appearance than an inactive one. Since the 

muscle ceU is intrinsically capable of propagating an action potential and 

generating a contractile response, only the initiation of the action potential is 

lacking in denervated muscle. This can be provided by the use of direct electrical 

stimulation (ES) of the denervated musc1e. 

The use of ES for therapeutic purposes has a colorful and elaborate 
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history. Scribonius Largus described the use of the torpedo fish as a treatment for 

chronic headache and gout in 46 AD. With the construction of the electrostatic 

generator and the Leyden jar (electrical charge storage device), electrical 

technology gained a widespread distribution (Figure 12). At the height of its 

popularity, ES was used therapeutically for such varied problems as angina, 

epilepsy, kidney stones and hemiplegia. In fact, by 1900 most physicians had sorne 

form of ES apparatus as part of their therapeutic armamentarium.ss 

Figure 12: Leyden jar (Ieft) and patient witl& denervated muscle being stimulated 
wit" the device 

, 
. 
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The first experimentation that addressed the relative merits of ES in 

denervated muscle were those of Reid in 1841. He wanted to establish if the 

deleterious effects of denervation were "dependant upon inaction, or upon any 

supposed nervous influence flowing along the nerves to the muscles". In his two 

month, denervated frog muscle experiment, he exercised one group of muscles 

with ES (galvanic, weak current) while the other group was not st:I~lUlated. He 

concluded that "the muscles of the exercised limb retained their original size and 

firmness, and contracted vigorously, white those of the quiescent Iimb had shrunk 

to at least one-half of their former bulk".s6 

These results were supported by Brown-Sequard (1853) who c1aimcd that 

daily galvanic stimulation of various denervated mammalian and hird muscles 

produced a graduai but complete restoration of the bulk of the muscles.s7 

Further laboratory work was reported by Langly beginning in 1915. 

Working with denervated rabbit muscle, he demonstrated improved muscle weight 

and bulk with ES and a prevention of the development of muscle fibrillations. He 

incorrectly postulated that the muscle fibrillations were the cause of the muscle 

fatigue and the other deleterious effects of denervation.s8 ft was Fischer (1939) 

who reemphasized the training effect of stimulation and dismissed the notion that 

fibrillation caused fatigue and was harmful. He was the first to demonstrate that 

muscle power was augmented by fatiguing exercise.s9 

Gutmaon and Guttmann expanded the study of ES of denervated muscle 

by also assessing fiber diameters, connective tissue changes, and time 10 onset of 

recovery. Histologically, they found that the stimulated muscles were larger and 

contained less connective tissue; and that the rate of reinnervation (determined by 

the return of reflex or voluntary activity) was neither hastened or retarded hy the 

treatment. Thus it was weil demonstrated that muscle inactivity played an 

essential role in muscle atrophy, and adequate galvanic exercise could retard the 
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rate of this process.60 

Gutmann and Guttmann also emphasized the fact that ES is not a uniform 

entity; there are several variables to control. In their study, treatment duration, 

number of treatments per day, and the interval between the in jury and treatment 

implementation were studied. Among other things, they found that twenty to 

thirty minutes of treatment begun as early as possible was the optimal treatment 

regime. 

The more recent studies on muscle preservation with ES have focused on 

the effects of altering the parameters of ES in order to optimize the potential 

gain. This will be discussed in the following section. 

MUSCLE STIMULATION PARAMETERS 

When stimulating normally innervated muscle with ES, it is the 

neurolemma of the axon, and not the sarcolemma of the muscle, which is being 

activated. In ES of denervated muscle, it is the sarcolemma alone which is being 

cxitcd. The parameters in ES research have been extensively studied in both 

dcnerv,lted and innervated conditions in order to define the influence that 

different activity patterns have on muscle physiology. 

The frequency, on/off time, amplitude, pulse duration, waveform type, 

contraction type, electrode design, and the duration of therapy are the major 

electrical parameters of interest. In the following section, these parameters will 

be examined separately and their relation to internaI and external stimulation 

techniques will be discussed. 
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Frequency 

The frequency of a current is the number of waveforms per unit time; its 

unit of measurement is the Hertz (Hz) or pulses per second (pps). If the voltuge 

is sufficient, a stimulus of 1 Hz will result in a muscle twitch. Increasing the 

frequency will result in a summation of the twitches and ultimately a smooth 

muscle contraction will occur (at 25 to 35 HZ).61 Also, increasing the frcquency 

will, to a point, decrease the voltage of current required to elicit a twitch 

contraction, and augment the power of a tetanic contraction. 

In 1947 Kosman studied the tension developed by different frequencies 

using supramaximal stimulation (.5 Hz to 500 Hz). He concluded that the optimal 

value lies between 25 and 100 Hz; greater or lesser values excrt progressively 

decreasing effects on tension development.62 

According to many authors, though, stimulating muscle at 10 to 25 hertz is 

much different than stimulating muscle at 100 hertz. Hennig and Lomo measurcd 

the natural frequency of discharge of both fast and slow muscles in 1985.63 They 

observed that slow muscles are stimulated by neurons with low native frequencics 

(15 hertz), white fast muscle motoneurons have a higher stimulation frequency 

rate (100 to 150 hertz). Using these measurements as their template, Staron 

(1987),Gundersen, and Lomo (1988)64 ail attempted to manipulate the (iber 

type composition of the rat so)eus (slow) and extensor digitorum longus (fast) 

muscles. They found that denervated soleus muscle could be completely 

transformed to fast muscle by using high frequency stimulation; and the EDL 

could be partially transformed in the slow direction by using )ow frequency 

stimulation. Also, both muscles maintained their native fiber type characteristics 

if they were stimulated by their native frequency pattern after denervation. 
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Numerous previous studies have supported the dominant role of frequency 

in determining and maintaining the muscle fiber type. Fast-twitch museles were 

secn to contract more slowly (longer contraction and half relaxation times) when 

stimulation was delivered at slow frequencies (5-15 HZ) in studies by Salmons 

and Vrbova (1969), Brown et al (1976), Pette and Vrbova (1985), and others. 

Likewise slow-twÎtch muscles became faster when stimulated at a fast frequency 

(100 Hz) in studies by Smith (1978) and Lomo (1985).65 

These results, however, are not without their detractors. Al-Ahmood 

cmphasizes the point that denervation alone will result in a slow to fast 

transformation in slow muscle (1987)/16 AIso, there is DOW some evidence that 

supports the concept that it is the total aggregate activity, rather than the 

frequcncy at which it is delivered, that determines a muscle's contractile 

characteristics. Specifically, fast muscle will acquire slow features if it has an 

ove ra Il increase in contractile activity regardless of frequency.67 

Thus, the role of frequency in determining fiber type is an unresolved issue 

yet ils relevance is obvious: muscle preservation and musele fiber type 

preservation are synonymous in the c1inical setting. Choosing the optimal 

frequency and aggregate activity will best preserve the musele's native fiber type 

and thus its force, speed. and endurance. This issue was addressed in this project 

by using a fast frequency (85 Hz) to stimulate the predominantly fast tibialis 

anterior muscle. 

On/OIT Time 

The on/off time of a stimulation regime is the amount of time the musele 

is being stimulated in relation to its rest periode The goal is to optimize exercise 

duration without inducing musele fatigue. 
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In 1947 Kosman noted that "In the past several years experimental 

evidence has accumulated that the more frequently a defiervated muscle is 

stimulated the better is the ma.intenance of its weight and strength.,168 This point 

was experimentally demonstrated by Baker with implanted electrodes and by Kots. 

using the Russian neuromuscular stimulator; alto 5 on/off ratio was shown to be 

effective.69 Baker supports the use of alto 3 ratio but cautions that a more 

than 1 second on time is usually required to create the desired motor response. 

For instance, 4 seconds on to 12 seconds off would be appropriate.70 

Davis was critical of the merits of ES for precisely this reason. She stuted 

in 1983 "many of the ameliorative effects [of stimulation] were obtained only with 

amounts of stimulation which greatly exceeded those used clinically.,m This 

sentiment is supported by Speilholtz who notes that the amount of stimulation 

delivered in most clinical studies still doesn't approach the level of exercise of a 

normally innervated muscle.72 

Therefore, to reproduce the experimental benefits of ES in the clinical 

milieu, only an implantable system can provide the appropriate therapeutic on/ 

off limes. In this work, an implantable stimulator was used to deliver twenly four 

hour per day stimulation with an on/off time of 1.5/24 seconds. 

Amplitude and Pulse Duration 

In ES therapy, the goal is to obtain the optimal contraction with the least 

amount of energy possible. This is important in that it promotes patient comfort 

and reduces the power requirement of the battery device. 

It has been determined that sine-waves are a less efficient way of 

stimulating excitable tissue than rectangular waves.73 ln order for a rectangular 

wave to activate muscular contraction, it must have an adequate amplitude and 
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pulse duration is the length of time permitted for current flow in one 

waveform.74 Their physiological interrelationship was first described in terms of 

rheobase and chronaxie by Adrian in 1917.75 
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Rheobase is the lowest current intensity required to excite muscle or 

nervous tissue at an infinite pulse duration. The value of rheobase is about equal 

for nerve and muscle stimulation. 

Chronaxie is the minimum pulse duration necessary to activate excitable 

tissue at twice the amplitude of rheobase. This value is very different for nerves 

and muscles; in fact, the pulse duration required to activate muscle directly is 

approximately two orders of magnitude greater than that used to activate muscle 

through intact nerve (Figure 12).76 Over 50 years ago, Rushton demonstrated 

that a pulse duration of 100 msec or longer is required to activate the frog muscle 

membrane directly.71 For humans, intact healtby nerve bas a chronaxie of .03 

msee while that of denervated muscle is 10 msec.78 

Rheobase and chronaxie are not statie properties of a muscle and it has 

been shown that the rheobase of a muscle deereases after denervation wbile the 

chronaxie increases from its normal value of 3 msee to 10 msec after 28 days.79 
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The pulse duration will influence the voltage amplitude required to activate 

the nerve and muscle tissue. As pulse duration becomes shorter, the amplitude 

required to elicit a motor contraction becomes greater. This can be graphically 

depicted by the strength-duration curve in which the time (pulse duration) of the 

electrical stimulus is plotted against the amplitude of the stimulus required to 

produce a threshold response (muscle twitch). 

In transcutaneous ES clinical trials, it has been shown that longer pulse 

durations (greater than .5 msec) are more uncomfortable than shorter ones. Too 

short a pulse duration, however, would necessitate a higher voltage amplitude and 

this too would be uncomfortable. Thus for both variables one is limited with 

transcutaneous ES. 
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ES applied directly to the muscle (implantable ES) requires a much lower 

stimulating voltage in order to achieve a contraction than transcutaneous ES.80 

This shifts the strength duration curve to a more energy efficient location and thus 

promotes patient comfort and reduces the battery requirement. 

We utilized a battery source which was capable of delivering a maximal 

pulse amplitude of 10.5 Volts and a pulse duration of .45 msec. 

Waveform 

As was the case in the preceding description, the choice of waveform in ES 

of denervated muscle is determined by patient comfort and energy conservation. 

Almost any waveform type can be created by the modern electrostatic 

generators. The three most common are the sine wave, (Figure 13A), the spike 

wuve (Figure 138), and the rectangular waveform (Figure 13C). 

The sine wave and spike waves are not ide al for muscular stimulation 

because they allow no f1exibility in the variation of pulse duration relative to the 

frequency; an adequate pulse duration is a critica} factor in achieving muscular 

activation in denervated muscle. One would, therefore, require much more 

stimulus power to produce a given level of tension with non rectangular 

waveforms.81 
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Figure 14: Sine wave (A), Spike wave (B), Rectangu/ar wave (C) 
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Rectangular waveforms will result in muscular contraction with only 

moderate voltage outputs. They can be delivered in a monophasic or biphasic 

configuration. The monophasic form continually passes current in the sa me 

direction and has the disadvantage of causing poJarization under the eJectrodes 

because of unequal ionic flow. Biphasic waveforms aIJows current flow in both 

directions during the respective alternating cycles, and thus both electrodes are 

activated in turo. This elÎmÎnates the polarization problem; additionally, this is 

reported by patients to be more comfortable th an the monophasic option. 

Another important consideration is defined by the Law of Dubois

Reymond which states that in order to electrically stimulate a nerve to contract, 

there must be a sudden variation in current flow. If the current amplitude has a 
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lesser rate of rise, the nerve will accommodate and require a greater voltage to 

reach thresbold. Muscle fibers bave far less of a tendency to accommodate in this 

fashion.8Z The rectangular waveform was used in this project. 

Power Source 

Electrical stimulators may provide constant voltage or constant current. 

The constant voltage source delivers the same wave shape and voltage amplitude 

regardless of changes in tissue or electrode impedance. If increased electrode 

impedance develops, the voltage would have to be adjusted upwards by the 

operator to accommodate for this decrease in effective current flow. 

Constant current generators maintain the same current waveform 

regardless of the impedance. Thus, if increased tissue or electrode impedance 

developed, a greater power output would be automatically delivered. A voltage 

limitation setting is required to avoid excessive amplitudes which could cause 

tissue destruction. 

According to Baker83,there is no data to support a preference for one 

stimulus source over the other. The required intensity of the power output is 

mainly determined by the size of the muscle: the larger the muscle mass to be 

stimulated, the larger the electric field that is needed.84 A constant voltage 

device (witb the previously mentioned limits) was !Jsed for tbis research. 

Electrode System 

When deciding on the electrode system to use in ES, the variables of 

interest are electrode position (internai versus external) and size. 

The externally located electrode would be tbe ideal form of stimulation 
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because it doesn't require any surgical intervention. Unfortunately, this type of 

stimulation has not gained therapeutic acceptance. The time course required for 

neural regeneration to occur in peripheral nerve in jury can be from several 

months to over two years (depending on the site of injury), and daily visits to a 

treatment center for this length of time is simply not fcasible. Also, even if such u 

program was embarked upon, the duration of treatment on any given day would 

be limited to thirty to sixty minutes at best. An internally implanted electrode 

and battery system would not be subject to this limitation. 

Another factor which favors the internaI delivery system over an external 

one is related to electrical charge. Charge is dissipated when delivered at u 

distance from its target. Therefore, a greater voltage and pulse duration would be 

required to stimulate muscle with external electrodes. Hultman estimated thut 

the external voltage requirement is tenfold greater than the internai voltage 

requirement.85 The fact that this increased charge is delivered directly to the 

skin in external stimulation, means that there would be increased patient 

discomfort as weil. 

InternaI electrodes have the added advantage of specificity. For instance, 

while the small intrinsic muscles of the hand cannot be accurately stimulatcd 

externally, internaI stimulation can precisely localize these muscles to ensure 

accurate stimulation. 

Other variables of interest in electrode positioning relate to polarity and 

muscle topography. Pfleuger's Law, established in 1858, states that a healthy 

muscle would contract with less current if stimulated with the cathode rather than 

the anode.86 Trontelj observed that there are discreet sites in muscle fibers 

where the threshold for spontaneous or externally induced depolarization is 

considerably lower.87 Therefore electrode placement al one can significantly 

impact the power requirements and the quality of the muscular contraction. 
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Another factor that is important in choosing the electrode type is the 

electrode size. Whether an electrode is extemally or intemally located. the 

smaller the electrode size, the lower the output voltage required to elicit the 

excitatory response. This is caused by the increased pulse charge density that one 

delivers with the smaller electrode with any given voltage.88 This poses a further 

restriction on external stimulation techniques because increased pulse charge 

density causes increased cutaneous pain sensation; thus, in arder to achieve 

patient tolerance a larger, less specifie eleetrode (with a larger power source) 

wouJd be required. 

For this study, completely implantable electrodes, placed at the most 

sensitive stimulating location, were utiJized. 
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PURPOSE 

The current researeb projeet was undertaken to furtber assess tbe impact 

of our original design, totally implantable, electrieal stimulation system in 

denervation in jury. A practical, implantable, and potentially clinically applicable 

system sucb as this bas never been tested or implemented outside of our 

laboratory. 

The significant differenees between this project and the previous work done 

in our lab are: 

1 The duration of ES in tbis project (four months) is significantly longer th'ln 

any previous work. 

2 The muscle force measurements were made using a newly designed forcc 

transducer platform. This device enabled us to make aecuratc, in situ force 

measurements witbout any aberrant motion artifaets. 

3 The muscle was studied wben reinnervation had occurred, and both nervc

stimulated and musc1e-stimulated twitch and tetanic tensions were 

measured. 

4 Twitcb contraction time, one-half relaxation time, and unfused tetanic 

contractions (the measure for the sag phenomenon) were specifieally 

measured in order to correlate these funetional measurements of muscle 

fiber type with the microscopie A TPase fiber type data. 

5 The effeet of ES on reinnervation was funetionally assessed by eomparing 

nerve-stimulated tetaDie tension to direct muscle-stimulated tetarue tension 

after pharmacological neuromuscular blockade. 

: 
1 
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HYPOTHESIS 

l Continuous implantable electrical stimulation is a beneficial adjunctive 

treatment in denervation in jury when used over the extended period of 

four months. 

2 This beneficial effect can be demonstrated by using morphological and 

functional measurements in reinnervated muscle. 

39 

3 The high frequency, continuous stimulation regime will result in a sparing 

of the musele's fiber type, as shown by morphological (fiber type 

proportions and surface areas) and functional (contraction times, one

half relaxation times, unfused tetanic contractions) measurements. 

4 Electrical stimulation that is started before, and carried into, the 

reinnervation period has no adverse effect on the reinnervation of the 

muscle. 
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MATERIALS AND METHODS 

In this experiment the effects of continuous implantable ES on muscle 

preservation were studied using a dog model. 

CHRONIC EXPERIMENT: 

40 

At the time of the initial surgical intervention the dogs, weighing betwecn 

28 to 35 kilograms, were assigned at random to one of two experimenti:ll groups . 

Group 1 Right hindlimb common peroneal ncrve transected and rcpi:lired 

primarily; pulse generator implanted and stimulating electrodes 

applied to the tibialis anterior (cranialis) muscle; ES activated. 

Electrodes applied to left hindlimb tibialis anterior but no nerve 

transection and no ES (four animais). 

Group 2 

Anatomy 

as above except after the nerve transection and repair on the right 

side, no ES stimulation was given activated (five animais). Sec 

Figure 15. 

The common perone al nerve is one of the two terminal branches of the 

sciatie nerve in the dog hind limb. It divides into two terminal branches: the 

superficial and deep perone al nerves. The entire motor supply of the tibialis 

ante ri or muscle is derived from the deep peroneal nerve. The distance between 

the origin of the common peroneal nerve and its most proximal point of contact 

with the tibialis anterior muscle is about 18 cm. 
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The tibialis anterior (or tibialis cranialis) muscle is a superficial, strong, 

somewhat flatteDed muscle which arises from the eraDial portion of the articular 

margin of the tibia, and from the laterally arched edge of the tibial crest. From 

this origiD, which is about three cm wide, it passes over the craniomedial surface 

of the crus; near its distal third, it becomes a thin, flat tendon which inserts on the 

rudiment of metatarsal 1 and on the proximal end of metatarsal Il). It functiol1s 

as a rotator of the hindpaw in a lateral direction and an extensor of digit Il.R? 

See Figure 16. 

Figure 16: Left hindlimb of dog with tibia/is anterior muscle localed anterio,/y and 
extensor digitorum longus lying adjacent to il. 
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Equlpment 

The pulse generator used in this experiment was a Medtronic Model 7420 

Bipolar ITREL Implantable Pulse Oenerator (IPO). This battery has two 

independent ports, and it is designed to deliver a constant voltage biphasic 

current. ft is completely implantable and is programmable through the skin using 

the Medtronic Model74311TREL Portable Programmer. 

There were two electrodes (one for each port) used per muscle. Each 

electrode consisted of a distal carbon plate ending, and a proximal insulated wire 
; 

region that cou Id' be plugged into the !PO. The plate region was silicone coated 

and flexible, measured one square cm, and was applied'directly to the surface of 

the muscle. The wires were also flexible and silicone coated. 

Surgical Procedure 

AlI animais underwent the same initial surgical intervention. The operative 

site was shaved, 500 mg of cefazolin was given IV, general anaestllesia was 

induced with intravenous sodium pentobarbital (30 mg/kg), and intubation was 

performed. 

A right thigh longitudinal incision was performed and dissection was 

carried down to the common peroneal nerve. Using the fibular head as the guide, 

the nerve was completely transected 8 cm away from this landmark (Figure 17). 

This corresponds to a distance of 12 cm from the most proximal entry point ~f the 

common peroneal nerve into the tibialis anterior muscle. A microscopie epin~ural 

repair was then immediately eff~cted using an interrupted 10-0 nonabsorbable 

suture. The overlying layers and slcin were then closed in the usual fashion with 

an interrupted 2-0 absorbable suture. 
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Figure 17: common peroneal nefVe (smaller branch) and tibial 
nerve (larger branch heing pointed at) 
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Next, the tibialis anterior muscle was exposed through a longitudinal, 

anterior leg incision. The electrodes were applied directly to the muscle. The 

distal electrode was applied to the posterior surface of the muscle (F:gure 18); 

and the proximal electrode was applied to the anterior surface (Figure 19) being 

careful not to disrupt the posteriorly located neurovascular bundle. The 

electrodes were secured to the muscle with a 4-0 prolene suture and the 

unattached ends were tunneled proximally. 



( 
Figure 18: Distal eleclrode placed poslerior 10 tlte muscle 

( 
Figure 19: Proximal eleclrode t"en placed anteriorly 
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At the mid thigh location, a separate incision and subcutaneous poeket 

were ereated and the pulse generator was ioserted; the proximal electrode ends 

were plugged in. TIle incisions were closed with an interrupted 2-0 Vicryl suture 

(Figure 20). 

Figure 20: Righ' hindlimb with electrodes in place on the muscle and the plUlltled 
subcutaneous location of the leads and 'he power source. The second incisioll i.'t at 
the nefVe repair site. 

The contralateral (Jeft) posterior Jimb served as the intrinsic control. 

Therefore, the tibialis anterior muscle was similarly exposed, electrodes were 

applied, but there was no nerve in jury or electrical stimulation on this side. 
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Group Assignment 

At this point the dogs were randomly assigned to Group 1 (stimulated 

group) or Group 2 (non stimulated group). Group 1 received ES which caused a 

moderate muscle 1.5 second contraction every 24 seconds, twentyfour hours per 

day. The pulse frequency was 8S Hertz, the pulse duration was .4S milliseconds 

and the initial voltage delivered was S.O volts. Over the course of the next few 

days, because of Wallerian degeneration, the voltage was adjusted upwards, to a 

maximum of 10.5 volts, to maintain this contraction level. 

For the next 16 weeks, the dogs were maintained in the above described 

condition with no restrictions on their normal activities. The electrodes and the 

pulse generator were weil tolerated by the animaIs and at no time did they appear 

to cause any discomfort or infectious complications. 

At 16 weekS, EMG neuromuscular testing Was performed to verify 

reinnervation; the Acute Experiment was then performed. 
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ACUTE EXPERIMENT 

The effects of ES on muscle form and function were assessed by measuring 

muscle weight; neurally induced twitch and tetanic tension; direct muscle 

stimulation induced tetanie tension; unfused tetanic tension profiles; contraction 

. and one-half relaxation times; muscle endurance; and muscle fiber type areas mld 

proportions. In both groups, these variables were studied by comparing the newly 

reinnervated right limb to the normal left limb. 

Muscle Weight 

The muscle weight was established at the end of the experiment by a 

careful bilateral excision of the tibialis anterior muscles from origin to insertion. 

These specimens, along with any biopsy specimens were weighed separately. 

Muscle Function 

The muscle force testing was done using a Grass FT 03C force transducer 

connected to a Grass model 78 polygraph machine. In this setup, the muscle is 

exposed, left in situ, and the distal tendon is divided and attached directly to the 

force transducer. The apparatus functions by transforming the muscle pull on the 

transducer into an electrical signal; this signal is then transformed and displayed 

as a pen deflection on graph paper. The magnitude of a contraction is 

proportion al to the amplitude of the pen deflections. Also, since the graph paper 

is moving at a fixed rate, the velocity of contraction can also be determined. 

The main obstacle to obtaining reliable force measurements in the 

laboratory setting is that the contracting muscle inevitably disrupts the orientation 

of the force transducer. In fact, wheo a specific leg muscle contracts in response 

to stimulation, the eotire leg will invariably move. This undesirable motion is 
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interpreted by the sensitive force transducer as additional force whcn in reality it 

is only artifact. 

To circumvent this problem, we designed an original force trarisducer 

platform on which the force transducer and the involved leg could be jointly 

secured in position. The net effect was that even if the entire platform was 

voluntarily shaken during testing, this did not result in any additional or aberrant 

pen deflections. The commonly shared, secure reference point platform, to which 

both the limb and the force transducer were attache d, eliminated motion artifact. 

An addition al innovation of our experiment relates to the manner in which 

the muscle was eXPQsed prior to the force testing. NormaJly, force testing is 

performed by fully exposing the entire muscle and attaching it to the force 

trunsducer. This, unfortunately, results in muscle desiccation, altered temperature, 

and a potential disruption of the neurovascular supply. To prevent this, and to 

1110St closely maintain the musele's normal anatomical orientation, we were careful 

to expose only the tendinous insertion and those points where the tibia was 

sccured to the platform. The force measurements were, therefore, true, in situ 

values with no temperature, desiccation, or neurovascu)ar compromising artifacts. 

See Figure 21. The common peroneal nerve was exposed through a separate 

incision and the Siemens Neuroton 626 Stimulator was used to excite the nerve 

for the muscle force testing. 
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The specific force measurements we tested are defined as follows:90 

isometric twitch tension - that force produced by a muscle, held at a constant 

length, in response to a single neural impulse. 

isometric tetanic tension - the maximal force produced by a muscle, held at a 

constant length, in response to repetitive neural stimulation. 

direct muscle stimulation tetanic tension - the maximal force produced by a 

muscle, held at constant length, in response to directly applied muscle 

stimulation. 

contraction time - the time from the end of the latent period to the peak of the 

isometric twitch response following a single neural impulse. 

51 

olle-half relaxation time - the time for the decline of tension from the peak of the 

isometric twiteh to one-half of the peak tension. 

muscle endurance - a comparison of the initial force generated by a muscle to 

specifie stimulation parameters, to that force generated after the 

repetitive delivery of the same parameters over a fixed period of lime. 

unfused tetanus profile - the profile of the tracing created when a low to mid 

frequency current is delivered to a muscle, via the nerve, in a 

continuous fashion. Fast muscle fibers show a "sag" (Ioss of amplitude) in 

the tracing under these circumstances while slow muscles do not. 

Ali of these force values were obtained in the standard fashion by first 

establishing the optimallength (the length of the muscle at which the peak twitch 

tension, in excess of the initial tension, is maximal); and then determining the 
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optimal voltage (the voltage that induces the maximal twitch and tetanic tension 

and then doubling it). 

Muscle Histochemistry and Histology: 

51 

Mter all the force and velocity measurements were made, we obtained the 

muscle biopsy specimens. 

First, cross-sectional biopsies were obtained at fixed points for ATPase 

staining in order to differentiate between the type 1 and type 2 muscle fibcr. 

This was done by immediately freezing the specimens in isopentanc 

(cooled to -180 degrees Celsius by liquid nitrogen) and storing them at -80 

degrees Celsius. The specimens were then eut into 10 micrometer sections and 

stained according to the method of Durovitz and Brooke (1973). 

A quantitative muscle fiber analysis could then be made. This was dUllc hy 

examining the specimens with the Lietz Dialux 20 microscope (X25 magnificution) 

attached to a Hitachi ccrv camera (X25) which projected the imuge onto a 

video screen. By tracing the fibers and indicating their type, a Vidcoplan 

computer system software package could calculate the relative porportion of the 

two fiber types as weil as their me an areas . 
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RESULTS 

The following results represent the comparison of the Group 1 (stimulated) 

animais to the Group 2 (non stimulated) animais. 

This is done by using percentages to relate the manipulated right limb to 

the contralateral controllimb. The difference between the two si des (right vs left) 

for cach parameter is statistically significant and these p values are not discussed. 

The subject of the "ST A TISTICAL ANAL YSIS" section is the comparison 

of Group 1 (stimulated ) to Group 2 (non stimulated) animaIs. These p values 

are indicatcd. 
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MUSCLE WEIGHTS (grams) 

Group 1 

Oogl Weight Right Weight leCt Limb % Preserv&ltion 
Limb 

Al 20.80 26.13 79.60 

BI 19.82 38.43 51.57 

Cl 32.58 46.02 70.80 

Dl 27.40 30.25 90.58 

Mean (5D) 25.15 (5.99) 35.21 (8.84) 73.14 (16.50) 

Group 2 

Dogi Weight Right Weight leCt Limb % Preservation 
Limb 

A2 11.90 33.60 35.42 

82 14.75 26.74 55.16 

C2 17.31 36.31 47.67 

02 11.05 47.99 23.03 

E2 10.80 30.88 34.97 

Mean (5D) 13.16 (2.80) 35.10 (8.02) 39.25 (12.45) 

STATISTICAL ANAL YSIS: 

When the Mean % Preservation of Group 1 (73.14) is compared 10 Ihat of Group 2 (39.25) 
using the studcnt's t test, wc find the results are statistically significant with p < ,02. 

These rcsults indicate that ES resulted in a 73.14% preservation of muscle wcighl which h. 
almost twic:e as greal as the non stimulated group. See Figure 22 
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'IWITeH TENSION (newtons) 

Group 1 

Dog# Twitch Tension Twitch Tension % Preservation 
Right Limb Left Limb 

Al 620 2800 22.14 

BI 460 2750 16.73 

Cl 1860 8000 23.25 

Dl 440 2130 20.67 

Mean (SEM) 845 (341) 3920 (1369) 20.70 (1.43) 

Group 2 

Dog# Twitch Tension Twitch Tension % Preservation 
Right Limb Left Limb 

A2 280 2580 10.85 

B2 140 2190 6.39 

C2 205 2420 8.47 

02 185 3630 5.10 

E2 210 3650 5.75 

Mean (SEM) 204 (22.66) 2894 (310) 7.31 (1.05) 

STA TISTICAL ANALYSIS: 

When the Mean % Preservation of the Twitch Tension of Group 1 (20.70) is comparcd 10 
that of Group 2 (7.31) using the studentts t test we find that the resulls arc statislically signilicanl 
with p < .001. 

The results indicate tbat ES resulted in an almost threefold greatcr lwitch contraction force 
when compared to the non stimulated group. See Figure 23 
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TETANie TENSION (newtons) 

Group 1 

Oogl Tetanie Tension Tetanie Tension Left % Preservation 
Right Limb Limb 

Al 2120 9400 22.55 

BI 1130 10300 10.97 

Cl 6500 14480 44.89 . . -
Dl 1430 10400 13.75 

Mean (SEM) 2894 (1351) 11125 (1115) 23.04 (7.69) 

Group Z 

Oog# Tetanie Tension Tetanie Tension Left % Preservatiun 
Right Limb Limb 

A2 1410 13960 10.10 

B2 540 9600 5.62 

C2 720 9360 7.69 

02 510 13680 3.73 
, 

E2 800 14320 5.59 

Mean (SEM) 796 (163) 12184 (1109) 6.55 (1.09) 

STATISTlCAL ANAL YSIS: 

When the Mean % Preservation of the Tetanie Tension of Group l (23.04) is comparcd 10 
that of Group 2 (6.55) using the student's t test, the difference is slatistically significant with p<.OS. 

These results indicate that ES resulted in a greater th an lhreefold larger lelanic tension 
force compared to the non stimulaled group. Sec figure 24 
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Oog# 

Al 

BI 

Cl 

Dl 

Mean (SEM) 

Oog# 

A2 

B2 

C2 

D2 

E2 

M;ean (SEM) 

STATISTICAL ANALVSIS: 

DIREcr MUSCLE STIMUlATION 
TETANie TENSION lilewlons) 

Group t 

Tetanie Tension Tetanie Tension Left 
Right Limb Limb 

3840 9400 

2820 10600 

8080 14400 

5030 10400 _.' 
4942 (1139) 11200 (1098) 

Group 2 

Tetanie Tension Tetanie Tension Left 
Right Limb Limb 

1600 13960 

780 9600 

1320 9360 

1200 13680 

1480 14320 

1276 (141) 12184 (1109) 

60 

% Preservation 

40.85 

26.60 

56.11 

48.37 

42.98 (6.29) 

% PrescrvHtiol1 

11.46 

8.12 

14.10 

8.77 

10.34 

10.56 (1.06) 

ln thls tetanle tension triai, the muscle Itstlr WIIS stimulated with a direc:tly .pplied 
electrode. The value or Ihls ~easurement Is Ihat the tlbialls anterlor muscle in thls experlment Is 
a newl)' relnnenated muscle; that 15, SfJme of the viable muscle ftben are nut ilS )'et reinnervuted. 
(See Discussion). Thus. In order to aSHSS the total muscle Pfltentlal rorce, the mUlde (nflt the 
nene) must be stlmulated directl)'. 

When the Mean ~ Pnsenatlon of Ihe Tetanlc Tension of Group. (42.91) Is compurt!d to 
that or Gr:oup Z (10.56) uslnl the sludent's t test. the dill'ennc:e Is stlltlsllall, slplneant wltb 
p<.OOI. n,se nsults Indlcale that ES nsulted ID. fourfold la ... r dlnet muscle stlmuluted 
tctanlc force tban tbe non stlmulated controls. Set Flpn 25 
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MUSCLE ENDURANCE 

Group 1 

Dog Initial Final % Initial Final % Net • 
/1 Force Force Fatigue Force Force Fatigue Musc. 

Right Right Right left left Left Edur. 

Al 1310 960 73.28 6950 5360 77.12 95.02 

BI 830 495 59.64 7720 6360 82.38 72.39 

Cl 4260 3760 88.26 11200 9200 82.14 107.4 

Dl 900 630 70.00 4470 3990 89.26 78.42 

Mea 72.80 82.73 88.32 
n (11.8) (4.99) (15.9 

(5D) 

• Net Musc. Edur. -Stands for Net Muscle Endurance and is a pcrccnlage value c~Ih:Ullllcd 
by dividing the % fatigue Right value (experimental side) by the % fatigue left value (normal .. ide) . 

Group 2 

Dog initial final % fatigue initial final % fatigue Net 
# force force force leCt force Left Musc. 

Right Right leCt Edur. 

A2 715 275 38.46 9730 9290 95.48 40.28 

B2 350 205 58.57 6840 6260 91.52 64.00 

C2 435 195 44.~3 7800 7200 92.31 48.56 

D2 305 175 57.38 l06()O 7600 71.70 80.03 

E2 400 260 65.00 9820 8620 87.78 74.05 

Mea 52.85 87.76 61.38 
n (10.9) (9.39) (16.8 
(5D) 

STATISTICAL ANALYSIS: 
Wben the Net Muscle Endurance Mean of Group 1 (88.32 %) is compared to that of Group 

2 (61.38) using the student's t test, the results are statistically significant wilh p<.OS. 
Tbese results iadicate that ES reswled iD a muscle wJùch, when stimulated repetitively to 

contract, was more rcsÎslent to fatigue. Sec Figure 26. 



Flpre 26 

• 

1 

.. 

• 31~snw ''VW~ON G/O 



...... 

t 

Dog Type 1 Type 1 
# Area Area 

Right Left 

Al 1607 2645 

BI NIA NIA 
Cl 1740 2444 

D 1551 2022 
1 

Mean 1633 2370 
(SO) (97) (318) 

MUSCLE FI8ER TYPE 
AREA 

(mlerometers squared) 

Group 1 

% Preserved Type 2 
Type 1 Are a 

Right 

60.76 1694 

NIA NIA 
71.19 2002 

76.71 1706 

69.55 (8.10) 1801 
(174) 

Group Z 

Dog Type 1 Type 1 % Preserved Type 2 
# Area Area Type 1 Area 

Right Left Right 

A2 997 1527 65.29 1149 

D2 822 1883 43.65 515 

C2 791 2107 37.54 919 

D2 1133 2738 41.38 1164 

E2 1003 2439 41.12 697 

Mean 949 2139 45.80 (11.11) 889 
(5D) (142) (472) (283) 

STATISTICAL ANAL YSIS: 

64 

Type 2 % 
Ar~a Preserved 
Left Type 2 

2949 57.44 

NIA NIA 
2940 68.10 

2657 64.21 

2849 63.25 (5.39) 
(166) 

Type 2 % Preserved 
Area Type 2 
Left 

2012 57.11 

2546 20.23 

2522 36.44 

3525 33.02 

3085 22.59 

2738 33.88 (14.67) 
(581) 

WheD the % Preserved Type 1 fiber area Mean of Group 1 (69.55) is comparcd to that of 
Group 2 (4S.8O) using the student's t test, the results are statistically signifieant with p < .02. 

Also, when the % Preserved Type 2 fiber area Mean of Group 1 (63.25) is compared to thut 
of Group 2 (33.80), the results are statÎsticaUy significant with p< .02. Therefore, ES resulted in 
muscle fiber area preservation for both Type 1 and Type 2 musele fibers (fig. 27). 
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Dog# 

MUSCLE FIBER TYPE 
PROPORTIONS 

Group 1 

Type 2 : Type 1 

66 

Type 2 : Type 1 
Fiber Number Ratio Right Fiber Number Rutio Left 

Limb Limb 

At 0.81 : 1.00 2.70: 1.00 

BI NIA NIA 
Cl 0.88: 1.00 2.92 : 1.00 

Dl 0.96: 1.00 4.36 : 1.00 

Mean (SO) 0.88: 1.00 3.33 : 1.00 
(0.08) (0.90) 

Group Z 

Dog# Type 2 : Type 2 Fiber Type 2 : Type 1 
Number Ratio Right Limb Fiber Number Rntio Lcrt 

Limb 

A2 0.69: 1.00 4.10 : 1.00 

B2 0.84: 1.00 4.17,,: 1.00 

C2 1.12 : 1.00 3.06 : 1.00 

D2 0.64 : 1.00 3.68 : 1.00 

E2 0.63 : 1.00 4.28 : 1.00 

Mean +1- SD 0.78 : 1.00 3.86 : 1.00 
(0.21) (0.50) 

STATISTICAL ANALYSÎS: 
When ~he Type 2 : Type 1 Fiber Number Ratio Mean for the Group 1 Right Limb (0.88) is 

compared to lhat oC"he Group 2 Right Limb (0.78), therc is no statislically significant dillcrcnce 
(p>.OS). 

These results indicate that ES did nol rcsult in a selective preservation of the normally 
occurring T~ 2 muscle liber predominar.ce. In both the stimulated and non stimulatcd groups 
there was a relative increase in the Type 1 musc:le liber presence. See Figure 28 
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Oog# 

Al 

BI 
Cl 

Dl 

Mean 
(SO) 

Dog# 

A2 

B2 

C2 

D2 

E2 

Mean 
(SD) 

CONTRACfION TIME 
(mllliseconds) 

Group 1 

Contraction Time Contraction Time 
Right Limb Left Limb 

65 51 

76 63 

" 72 60 

75 52 

72 56.5 
(5.0) (5.9) 

Group 2 

Contraction Time Contraction Time 
Right Limb Left Limb 

65 44 

76 51 

64 51 

72 56 

62 50 

67.8 50.4 
(5.9) (4.3) 

STATISTICAL ANALYSIS: 

68 

% Prolongution 

127.4 

121.6 

120.0 

144.2 

128.1 
(11.3) 

% Prolongation 

147.7 

149.0 

125.5 

128.6 

124.0 

135.0 
(12.4) 

When the % Prolongation Mean of Group 1 (128.1) is comparcd to that of Group 2 (135.0) 
using the student's t test, the results are not statistically significant (p> .OS). 

These results indicate that ES did not preserve the velocity of the muscle contraction; both 
the stimulated and non stimulated muscle. groups had slower muscle contraction times comparcd 10 
the normal controls. 

Tbese results are consistent witb the muscle bistology analysis whicb dcmonstralcd a relative 
increase in tbe Type 1 (slow) muscle liber number. 
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Dog:/! 

Al 

81 

Cl 

Dl 

Mean (SD) 

Dog# 

A2 

92 

C2 

D2 

E2 

Mean (SO) 

ONE.HALF RELAXATION TIME 
(milliseconds) 

Group 1 

Relaxation Time Relaxation Time 
Right Limb Left Limb 

78 46 

77 42 

63 58 

68 43 

71.5 (7.2) 47.2 (7.4) 

Group 2 

Relaxation Time Relaxation Time 
Right Limb Left Limb 

69 50 

79 51 

63 51 

72 54 

65 38 

69.6 (6.3) 48.8 (6.2) 

STATISTICAL ANALYSIS: 

" 

% Prolongation 

169.6 

183.3 

108.6 

158.1 

154.9 (32.5) 

% Prolongation 

138.0 

154.9 

123.5 

133.3 

171.1 

144.2 (18.8) 

When lhe Mean % Prolongation Time of Group 1 (154.9) is compared to that of Group 2 
(1~.2) using the sludcnt's t lest, the results are not statistiea1ly significant. 

These results indic:ale that ES did not preserve muscle relaxation veloc:ity; both the 
slÎmulalcd and non stimulatcd muscles were slower than the normal controls. 

These rcsults are consistent wilh the muscle bistology analysis which demonstrated 8 relative 
incrcase in the Type 1 (slow) mustle liber number; and the Contraction Time 8nalysis which also 
showed Il slowing of the muscle. 
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NERVE STIMULATED TETANIC TENSION (NS'IT) 
VERSUS 

MUSCLE STIMULATED TETANIe TENSION (MSTr) 

Group 1 

Oog# NSTf MSIT 

Al 2120 3840 

BI 1130 2820 

Cl 6500 8080 

Dl 1430 5030 

Mean (SO) 

Group 2 

Oog# NSTI MSTI 

A2 1410 1600 

B2 540 780 

C2 720 1320 

02 510 1200 

E2 800 1480 

Mean (SO) 

STATISTICAL ANAL YSIS: 
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% GAIN 

181.1 

249.6 

124.3 

351.7 

226.7 (97.8) 

% GAIN 

113.5 

144.4 

183.3 

235.3 

185.0 

172.3 (46.1) 

When the % GAIN mean of Group 1 (226.7) is compared to thllt of Group 2 (172.3) using 
the studcnt's t tcst and the non parametric Mann-Whitney Rank Sum Tcst, the rcsults are not 
statislically significant (p> .(6). 

These results indicate that ES did not se~ectively augmenllhe dirrcrence betwccn the muscle 
stimulated letanic tension and the nene slimulatcd tetanic tension in either group compared 10 the 
other. See Figure 29. 

Thesc results wiU he discussed witb respect to reinnervation in the "Discussion" section of 
this paper. See Figure 29. 
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UNFUSED TETANUS PROFILE 

When a low to mid frequency current is applied to a nerve in a continuous 

fashion, an unfused tetanic contraction is the result. An examination of this 

contraction profile is another means of assessing the muscle fiber type. Both the 

fast, fatiguable and the fast, fatigue-resistent muscle types demonstrate a sagging 

tracing under these circumstances. Slow muscle fibers do not sag.91 

ln this experiment, ail the normal muscles tested (in both groups) showed 

sag when a fifteen hertz current was delivered in this fashion. This is consistent 

with the predominance of fast twitch (type 2) fibers seen in the ATPase 

measurements. 

In both the stimulated (group 1) and nonstimulated (group 2) experimcntul 

muscles, there was no sag effeet in any muscle tested. This is strong, supportive 

information which reaffirms the fact that ES, at the parameters settings we tested, 

did not preserve the tibialis anterior fast fiber type profile. Denervation, 

regardless of whether the muscle was stimulated or not, caused a transformation 

of the muscle towards that of a slow muscle fiber type predominance. 
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DISCUSSION 

ln this research project a continuous implantable ES system was tested 

using a dog model. As mentioned in the "Experimental Design and Hypothesis" 

section of this paper, there were four main goals in tbis project and tbese will be 

discusscd in turn. 

1 - EXTENDED PERIOD OF STIMULATION WITH AN IMPlANTABLE SYSTEM 

The benefits of ES in denervation injury have been debated in a general 

way bccause of the feasibility of daily treatments over an extended period of time. 

The cost of slIch a thcrapeutic modality for the patient and the health care 

institution mukcs ils universal application impractical. 

ln addition, the detractors of ES correctly obse.ve that the treatment 

voltages, frec!uencies und pulse durations used in the usual transcutaneous 

(externul) delivery experimental studies are far greater than what humans would 

to)cratc. In fact, during the 1972 Olympie games, rumors were spreading that the 

Russians were lIsing ES as part of their training regime. This was reported on by 

Kotts. the rnHin Russian reseHrcher, in an exchange symposium at Concordia in 

1977. According to him the major limiting factor in his efforts was pain.92 

ln this study, the feasibility and pain issues have been circurnvented with 

the use of a totally implantable ES system. With this method, once the 

parameters were adjusted, twenty-four hour per day ES could be delivered 

without any assistance of a therapist. This would obviously be an advantage to 

both the treating institution and the individual patient. 

The additional benefit of implantabJe technology is that lower voltages, 

frequencies and pulse durations are required to induce the required muscle 



contraction. At no dme in tbis experiment did the ES appear to cause ully p~lin 

or discomfort to the experimental animais. 
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We observed that muscle cou Id generate a good contraction evcn after 

extended periods of ES. In this study, the in jury to the ncrve was 12 cm from the 

muscle. Based on theoretical nerve growth rate estimates. actuul histological 

sections of regenerating peripheral motoneuron, and EMG measuremcnts; the 

experimental muscles were completely denervated for approximutely 12 wecks. 

For the four ensuing weeks, actual muscle reinnervation was occurring (total = 16 

weeks). Thus for three full months a completely denervated muscle was 

stimulated. In addition, a delay group was studied in which the tntal dCl1crvatÎun 

time was up to 29 weeks, and even after this extended period, ES of the 

denervated muscle produced significant muscular contraction. 

2 - FUNCfIONAL AND MORPHOLOGICAL ASSESSMENT OF ES 

The fact that ES was indeed beneficial in this study is demonstmtcd by a 

comparison between the ES group and the non stimulated group with functional 

and morphological measurements. 

The functional measurements showed that with ES, the nerve stimulatcd 

twitch and tetanic tensions were threefold stronger than the unstimulated controls. 

When the neuromuscular junction was paralysed with pancuronium and the 

muscle was stimulated directly, the ES was four times stronger than the control. 

Another measure of neuromuscular functÎon is muscle endurance. In this 

experiment, endurance is measured by comparing the initial force generated bya 

muscle to that force attained after a set period of reguJar, intermittent fatiguing 

ES; the parameters we used for this assessment were 36 hertz, 1.5 sec on, 2.0 sec 

off, for five minutes. The ES group maintained almost ninety percent of its 
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original endurance compared to sixt y-one percent in the non ES group. 

These functionaJ measurements of muscu)ar contraction are perhaps the 

most important evidence in support of the beneficial impact that this form of ES 

provides. Morphological improvement with ES (see below) is useful adjunctive 

information but it is only significant if it correlates with improved muscle 

performance. Twitch tension, tetanic tension and muscle endurance are the 

physiologically defined measures of muscle function. 

The morphological benefits of ES are best demonstrated by the 

qualltitutive structural measurements we studied. 

When the muscle weights of the two groups were compared the ES group 

muintained seventy-three percent of its weight while the non ES group was less 

than fort Y percent of its original value. This result is significant because the 

difference in the weight preservation cannot be accounted for by an accumulation 

in fibrofatty connective tissue in the ES group. If this were the case, the ES 

muscles wouldn't have developed the improved muscle force parameters which we 

outlined earHer. 

Further supportive evidence that the improved muscle weight was due to 

the actual presence of functional muscle tissue is the muscle fiber area data. Both 

the type 1 and type 2 muscle fiber areas, as measured by our quantitative 

morphometric analysis program, were significantly larger in the ES group 

compmed to the non ES group. 

3 - ELE(''TRICAL STIMUlATION PARAMETERS AND FIBER TYPE PRESERVATION 

(n this study the ES parameters were chosen with the goal of preselVing 

the muscle's native fiber type composition. To assess this, we first did A TPase 



l sections on normal tibialis anterior muscles. This analysis revealed th"t the 

muscle was a predominantly fast muscle with a type 2 : type 1 ratio of 

approximateJy 3.5 : 1.0. 
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Based on the previously listed reports in the literature that revealed that 

high frequency stimulation was capable of maintaining fast muscle fast, ~md also 

converting slow muscle in the fast direction (see Muscle Stimulution Pummeters); 

we chose 85 hertz as our stimulation frequency. 

To measure the effeet of this stimulation frequency on muscle fiher type, 

wc used both morphoJogical and functional measurements. 

Unexpectedly, no su eh Type 2 preferential preservation occurred. The 

fiber type area data demonstrated an equal preservation of the type 1 an type 2 

fiber areas. Further, the fiber type proportion data indicuted thut the muscle \Vas 

transformed from a predominantly fast muscle (type 2 : type 1 = 3.5 : 1.0) tn :1 

predominantly slow muscle in the ES group (0.88 : 1.0) and the non stimulatcd 

group (0.78 : 1.0). There was no significant difference betwcen the ES and the 

non ES groups though both were significantly different from normal muscle in this 

regard. 

This data, supporting a fiber type transformation with 85 hertz ES, was 

supported by our specifie functional measurements of muscle fiber type. In 

particular, the contraction and one half relaxation times of the ES and non ES 

groups were equally and significantly proJonged when compared to the normal 

muscle indieating a slowing of the muscle. Also, an examination of the unfused 

tetanus profile reveaJed the sag effeet (a characteristic feature of fast muscles) in 

ooly the normal control limbs. Both the ES and non ES groups demonstrated no 

sag reaffirming their slow type transformation. 
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There are two conclusions that May be drawn from this data. First, 

denervation alone is capable of transforming fast muscle into slower muscle. 

Second, high frequency ES al one is not sufficient to prevent this transformation. 
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As was mentioned earlier, severa) authors have argued that the total 

aggregate aetivity, and not the frequency, May be the critical factor in determining 

a stimulated muscles fiber type. Muscles that are stimulated to contraet numerous 

times per day (in this experiment it was once every twenty four seconds) are, or 

would heeome, slow muscles regardless of the frequency (hertz) of the stimulating 

current. 

While these resuIts would seem to imply that the reports in the literature 

that demonstrate a fiber type preservation with high frequency stimulation are 

false, this is not necessarily the case. The more likely explanation is due to 

species difference. This was the only experiment to use the dog model; the other 

Mudies were mainly performed with the rat or mouse model, white others used the 

rabbit mode\. 

4- ElECTRICAL STIMULATION AND REINNERVATION 

There is controversy in the literature as to whether ES is a deterrent to 

reinnervation in peripheral nerve in jury. 

Lomo and Slater, using the rat model, hypothesized that since direct 

stimulation of denervated muscle prevented the development of Ach sensitivity; 

and that sinee the sensitivity to Ach and the ability to form new neuromuscular 

junctions appears at the same time, ES is actuaIJy a deterrent to new synapse 

formation.93 

Cohan and Kater, using the sn ail model, demonstrated that neurite 



elongation was reversibly stopped when action potentials were experimentally 

evoked.94 
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Also, Brown9S and Michel96 have separately demonstrated, in the 1110\lSC 

and rat model respectively, that in partial de nervation in jury neuronal sprouting is 

inhibited by ES. 

On the other hand, other researchers have shown no such deleteriolls 

effects with ES. Jansen showed that ES impaired foreign but not self

reinnervation97 while Herbison found that ES neither enhanced or retarded 

reinnervation. 

While these studies measure specifie biological parameters, no functinnal 

measurements are provided. An analysis of the results in this study del110nstmtcs 

that no impairment of reinnervation occurred with ES. 

This conclusion is based on the comparison of the nerve- stimulatcd tctuilic 

tension to the direct muscle-stimulated tetanic tension in the ES versus the non 

ES group. Recall that the direct muscle-stimulated tetanic tension was measured 

after the neuromuseular junction was blocked with pancuronium and, therefore, 

no intramuseular nerve-induced muscular contractions were produced. 

First, it should be noted that the muscles studied in this experirnent werc 

not as yet completely reinnervated. This is understalldable because the 

reinnervation status of an entire muscle is not an ail or none phenomenon; it is &1 

graduaI proeess that evolves over months once the initial neural contact is made. 

This was demonstrated in our results by the fact that the direct muscle- stimulated 

tetanic tension was greater th an the neurally mediated tetanic tension in ail the 

reinnervated muscles in the ES and the non ES group. Thus the increased tetanic 

contractions in the direct muscle-stimulation testing was secondary to the presence 
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of viable muscle fibers that responded to direct stimulation but were not, as yet, 

reinnervated and muId not he exited by nerve stimulation. The nonnal control 

muscles showed equal values for their direct muscle stimulation and their nerve 

stimulation. 

7' 

ft is the percent increase in force gained by the direct stimulation which is 

the issue here. If ES simply strengthened the muscle but impeded reinnervation. 

the amount of additional force gained by direct muscle stimulation (when 

compared to neural stimulation) would he significantly higher than that gained in 

the non stimulated group. That is, the nonstimulated muscles would have a 

narrower gap in the muscle-stimulated versus the nerve-stimulated forces because 

reinnervation was not impeded by the electrical influence. 

When the data is analyzed with either the student's t test or the Mann

Whitney rank sum test, there is no statistical difference in the amount of force 

gained by direct muscle stimulation. Bath the ES and non ES groups were not 

fully reinnervated; both groups demonstrated increased force with direct 

stimulation measurements; and there was no statistically 5ignificant difference in 

the proportion of force gained between the two groups. Thu5, there is no 

functional reason to suspect that reinnervation is impeded by the presence of 

electrically induced muscle activity. 

While this project addressed four specific questions, there are numerous 

possible extensions to tbis work. The first would be to establish the ideal 

electrical parameters to maxÎmize therapeu~ic gain. Related to tbis would be an 

analysis of what modifications of this system would be required to adapt the 

system to a clinicat application. In particular, the development of a multiple lead 

output capability would be important. These factors are being actively 

investigated in our researcb facllity. 



CONCLUSION 

Based on the data presented in this projeet, we condude that: 

1 Continuous implantable eleetrical stimulation is a beneficial 

adjunctive treatment in de nervation injury in the dog model when 

used over the extended period of four months. 

2 This benefidal effeet is demonstrated by improved morphological 

and functional measurements in reinnervated muscle tissue. 
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3 A high frequency pattern of stimulation is not, by itself, able to 

maintain the fast nature of a native fast muscle. A high total 

aggregate aetivity or de nervation alone will cause the slowing of il 

fast muscle. 

4 Electrical stimulation that is started before and carried into the 

reinnervation period has no functionally measurable adverse cffcct 

on the reinnervation process. 
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