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ABSTRACT 

These studles investigated possible relief of spasticlty in hemiparetic sUbJects by 

Iransculaneous electrical nerve stimulation (TENS) and its underlying mecharlisms The flrst 

Iwo studies quantified Ihe disorders in reflex and voluntary motor functlOns and addressed the 

reproducibllity of thelr measurement and their correlation with spasticlty scores. Soleus stretch 

reflex es were enhanced and isometnc vOluntary contraction force was decreased hnearly wlth 

Increasing spasliclty. The last IWo studies addressed the effects of single and repetllive TENS 

stimulation on spasticity, reflex and isometrlc voluntary contractions Compared 10 placebo 

stimulation, single 45 min sessions of TENS prolonged H and stretch reflex latencies for up 

to 60 min following stimulation Repetitive (15 daily, 60 min) applications slgnif'cantly 

decreased spasticity scores, Hvib/Hctl ratios, stretch reflexes and co-contraction while 

improving dorSlflexion force. The Improvement in spasticlty and voluntary motor control may 

partly have been mediated by presynaptic Inhibition and reduced hyperactive stretch reflexes 

thereby 'unmasking' descending control. 
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SOMMAIRE 

Ces études portent sur la diminuatlon possible de la spasticlté chez les sujets 

hemiparetiques par stimulation électrique transcutanée (TENS) ainsi que ses méchanismes 

sous-jacents. Les deux premières études portent sur la quantification des désordres des 

fonctions réflexes et volontaires ainsi que sur la reproductibilité de leurs mesures et leur 

corrélation avec les pointages de spasticité. Les réflexes d'étirements soléaire étalent 

augmentés et la force de contraction volontaire isométrique maximale était diminuée de façon 

linéaire avec l'augmentation de la spasticité. Les deux dernières études portent sur les effets 

d'une seule ou de plusieurs sessions de TENS sur la spasticlté, sur les réflexes et sur les 

contractions voluntaires isométriques maximales. Crmparativement à la stImulation placebo, 

une seule session de 45 min de TENS a entramé une prolongation des latences des réflexes 

H et d'étirement et ce, jusqu'à 60 min suivant la stimulation. L'application répétitive (15 

traitements de 60 min) a diminué significativement les pointages de spastlclté, les ratios 

Hvib/Hctl, les réflexes d'étirements et la co-contraction tout en améliorant la force des 

dorsHléchisseurs. La diminution de la spastlcité et ,'amélioration du contrôle volontaire pouralt 

avoir été partiellement mC'dulées par inhibition présynaptiqlle et par la réduction des réflexes 

d'étirement hyperactifs ayant donc ainsi 'demasqué' le contrôle descendant. 



III 

ACKNOWLEDGEMENTS 

1 would "ke 10 express my warme~! gratitude to my parents for the" constant and 

slncere support throughout my graduate studies 

To my Ihesis supervlsor, Dr. Chnstina Chan, 1 would hke 10 express my most slncere 

gratitude for shanng wlth me her personal wisdom and gUidance throughout th,s tlve year 

penod She has spent many hours prepanng essentlal Inslghts whlch have helped shape my 

thmklng, and indeed, my self 1 would flke her to know that her clear and loglstle gUlding 

principals have not been lost on me, nor have they been taken IIghtly Christina, a slneere 

thank you for provldin(J me with principals which 1 am sure 1 WIll contInue 10 carry ln my 

future career 

J would "ke 10 tllank ail of the volunteers who, in their dedieatlOn to the Improvement 

of the quality of hte for those less fortunate than themselves, have glven freely of Illeir 

personal time to coordlnate and plan achvlties for the various stroke groups ln the Montreal 

urban area. In partlcular, 1 gratefully acknowledge the assistance of Mme Sylvana Gertocchi 

Of the QIJebec Stroke Rec:overy Association, Mme. Claire Moreau of the Laval Unit and Mme. 

Yvette LacrOIX of the Montreal No rt t', Unit Thanks are also due to Mrs Noreen Hyland of the 

West Island Unit of Strok\3 Vlctims and their Famllies. Finally, but not least, 1 would hke to 

sincerely thank Mrs Sybel Zanger, Mrs. Sophie Destounis and Mr Raymond Gazol of the 

Slroke Association at the Temple Emanu-EI Beth Sholom, WestmoUllt, Quebec for thelr 

assistance and encourage'ment To the patients from the various Stroke Groups who 

partiCipated ln the study, 1 t~xtend my deepest and most slncere thanks Wlthout them, these 

studies would not have beel1 possible Once again, the stroke vlctlms and the" familles have 

shown me the enormous célpacity of the human bemg to adapt to even the most adverse 

situations while mamtaining hope and optimism for the future. To them, this study is 

dedicated. 

Several hospitals ancl physiotherapists in the Montreal area also assisted by helpmg 

to select and screen suitable subjects. 1 would like to sincerely thank in partlcular Dr. Ivan 



IV 

Zendel, Judy Leh~bvre, Lorna Dredge and the staff of the Lethbndge Rehabilitation Centre 

and Gilbert Chartier, Felicia Guarna, Rita Cheng and the staff of the Institut de réadaptation 

de Montréal. 

Strong enough sentiments can hardly be expressed ta my frlend and fellow student, 

Jane M,tchelt, with whom 50 many hours were 5,:-ent dlscusslng the meantng 01 Ille and 

graduate studles Ali thls was done between skllng, pounng over our respective results ln the 

country, cychng, sWlmming, and eatlng vegetable karma Ta Jane, 1 wish contmued succûss 

ln life after PhD 

Lastly, very special thanks are extended ta Mr. Serge Lafontatne, Mr Alan Ham­

maker, a~ld Mrs. Nada Rababy for their technical assistance and to my laboratory co-workers 

for sharing their enthuslasm and support throughout these studles. 

1 would IIke to acknowledge the Corporation des physlothérapeutes du ùuébec, the 

Physiotherapy Foundation of the Canadian Physiotherapy ASSOCiation, and the Quebec 

Government for financial assistance dunng thase studles. Also sincere thank5 are extended to 

the Fonds F. C. A. R pour l'aide et le soutien à la recherche and Fond., de la recherche en 

santé du Québec for graduate scholarships dunng these studles. 

, 



v 

PREFACE 

According to section 7 of the Guidehnes Concerning Thesls Preparation prepared by 

the Faculty of Graduate Studle5 and Research, McGili University, (March, 1989)', the 

candidate has the option of Includlng in the thesls manuscnpts publlshed or submtted to 

learned lournals. This option has been taken ln this thesis wlth the authonzatlon of the 

Chalrman, Department of Physlology 

• ln accordance with stated reqUirement5, section 7 of the GUide lin es Concerntng TheslS 
Preparation 15 clted ln full beloN' 

7 MANUSCRIPTS AND AUTHORSHIP 
The candidate has the option, subject to the approval of the Department, of Includlng as part 
of the thesls the text, or duplicated published text (see below), of an original paper, or 
papers. In thlS case the the sis must still conform to ail other reqwrements explalned ln 
GUidehnes Concermng Thesis Preparation. Addltional materlal (procedural and design data as 
weil as descriptIons of eqUlpment) must be provlded ln sufflcient detait (e g ln appendices) to 
allow a clear and precIse Judgement to be made of the Importance and origlnahty of the 
research reported. The thesis should be more than a mere collection of manuscnpts 
pubhshed or to be publrshed. It must include a general abstract, a full introduction and 
hterature revlew and a final overall conclusion. Connectlng texts whlch provlde loglcal bridges 
between dlfferent manuscnpts are usually deslrable ln the interests of coheSion 

It IS acceptable for theses to include as chapters aulhentic copies of papers already 
pubhshed, provlded these are duphcated clearly on regulation thesis statlonary and bound as 
an Integral part of the thesis Photographs or other matenals whlch do not dupllcate weil 
must be Included ln the Ir original form ln su ch instances, conneCling texts are mandatory 
and supplementary explanatory materlal 15 almast always necessary 

The inclusion of manuscnpt5 co-authored by the candidate and others is acceptable but the 
candidate 15 required to make an explicit statement on who contnbuted to such work and to 
what extent, and supervisor5 must atlest to the accuracy of the cial ms, e g. before the Oral 
Commlttee. Slnce the task of the Examlners is made more diHicult ln these cases, It 15 ln the 
candidate's Interest to make the responslbllities of authors perfectly clear Candidates 
following this optIon must Inform the Oepartment before Il submlts the thesic; for revlew. 

Chapter 1 pr0vldes a general mtroduction to and problem formulation of the present 

series of studles Chapters 2, 3, 4, and 5 are papers which have been submitted for 

publicatIOn. Their full authorshlp and tiUes are listed below These papers have been 

reformatted to provide consistancy throughout the thesis especially in the cltlng of reterences 

and in the sequencing of Ihe main sections: Abstract, Introduction, Materials and Methods, 
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Results, and Discussion. Chapter 6 summanzes the main concluSions of the studles As weil 

according to Section 6a of the GUidehnes Concernlng Thesis PreparatIOn. Chapter 6 also 

includes statements concernlng the onglnal contnbutl(,ms to knowledge of :hls thesls Ali 

references have been collected at the end of thesis ln the Blbhography seclion 

Chapter 2 

Chapter 3: 

Chapter 4: 

Chapter 5. 

REFERENCE LIST 

Levln, M. F. and C~an, C W. y Disorders ln spastlc hemlparesls 1 
Charactenstics of reflex responses Submltted to Brain 

Levin, M. F and Chan, C W Y. Disorders ln spastlc hemlparesls Il Maximal 
voluntary contractions ln standing. SubmlUed to Brain 

Chan, C. W y and Levrn, M F Repetitive electncal stimulation ln spastlc 
hemiparesls 1 Stretch ref\f~x latency changes Submllled to Expenmental 
Neurol09y. 

Levln, M F and Chan, C W y Repetitive electncal stimulation ln spastlc 
hemlparesls' Il Relief ot spastlclty IS assoclated wlth Improvement ln reflex 
and voluntary motor control Submltted to Experimentai Neurology 
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SPASTICITY 

The presence of spasticity is one of the principal factors affecting the rehabilltatlon of 

patients tollowing cerebrovascu/ar accidents (Twitchell, 1951; Moscowitz et aL, 1972: 

Waylonis et aL, 1973). In a traditlonally accepted view, spastlclty has been defined as 

hyperactlVity of the stretch reflex arc mamfested by a veloclty dependent increase ln tonic 

and phasic stretch reflexes, sometimes accompanied by cio nus (Lance, 1980) Spastlclty 

differs from the phenomenon of 'rigldity', which 15 characterized by a piastre reslstance 

throughout the entrre range of passive joint movernent, equally distributed in flexor and 

extensor muscles (Denny-Brown, 1966). In contrast to rigidity, spastlclty IS found predominant­

Iy ln one muscle group or synergy and is dependent on the velocity of stretch (Burke and 

Lance, 1973) and initiai muscle length (Burke et al., 1970). Two types of spasticity have been 

detined, based on the /esion in the central nervous system (CNS). In spinal spastlcity 

resu/ting from a lesion in the cord, hypertoniclty is present predominantly in flexors more th an 

extensor muscles (Riddoch, 1917; Kuhn, 1950, Shahani and Young, 1980) Lesions of the 

motor cortex and lower braln structures (see below) result ln central (hemipleglc) spastlclty, 

characterized by hypertonia in physiological extensors (i.e. antlgravity muscles such as upper 

extremlty flexors and lower extremity extensors) and weakness ln physiological tlexors 

(Pederson, 1974; Yanagisawa and Tanaka, 1978). The review below Will focus on the 

anatomieal and physiological basis of central spasticlty and its related clinical slgns and 

symptoms. 

1. Anatomleal Basls of Hemiplegie Spastlelty 

Hemiplegie spasticity with motor paresis was originally attributed to the disruption of 

corticospinal (pyramidal tract) fibres. This was based on the findings from post-mortem 

examinations of the spinal cord showing degeneration only in these fibres (Hines, 1960). 

However, Tower (1940) had demonstrated that lesions restrieted to the bulbar pyramlds in 

non-human primates resulted, not in hypertonia, but in hypotonia and hyporeflexia. Muscular 

tone was inereased on/y arter an additional lesion of the motor cortex. Considerable efforts 
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were made to determine the exact location of the leslon responslble tor the dlsturbance ln 

muscle tone and vOluntary motor control slmllar to that ln human hemlplegla The work 01 

Kennard and Fulton (1933) established that removal of the pre-motor cortex (area 6) resulted 

in contralateral spastlclty rn monkeys The spastlclty was maxImal only when the leslons were 

bilateral and Included both pre-motor and motor (area 4) areas Il has subsequently been 

repeatedly demonstrated that spasticlty results from the ablation of the prrmary motor cortex 

(Hines, 1936, 1937) The seventy of spastlclty and muscular weakness IS enhanced followlng 

addltlonal leslons to the Ipsilateral supplementary motor area and the contralateral motor 

cortex (Mettler, 1943; Welch and Kennard, 1944, TraVIS, 1955a,1955b, Tasker et al, 1975) 

Purely cortical Jesions appear to result ln spasticlty only when the y are bllateral (Tasker et al , 

1975). Interestingly, Fulton (1935) reported that bllateral ablation 01 both motor and sup­

plementary motor areas, resulted ln total and unrecoverable paralysis and spastlc posturrng 

However, If a portion of one motor area was spared, the animaI showed sorne degree ot 

recovery of voluntary function. 

The investigation into the speclfic descendlng pathways contrrbuttng ta spastlclty 

began with Sherrington's work (1897, 1898) ln the decerebrate cat Intracellular recordlngs ln 

the spinal cord of the cat have shown considerable convergence of SignaIs trom segmen:al 

and descendmg pathways onto spinal interneurons and motoneurons (Baldlssera et al, 1981, 

Rudomin et al , 1983; Alstermark et al., 1984; Rudomin et aL, 1986) Two ma/or centrifugaI 

systems faclhtate extensor motoneurons. The tirst is the reticulosprnal pathway Irom the 

diencephalon ta the medulla projecting bilaterally ln the lateral funlculus (Eccles and Lund­

berg, 1958; Engberg et al., 1968). The second is the vestlbulo-splnal tract trom Dieter's 

nucleus descending ipsilaterally in the ventral funiculus (Hongo et al. 1969, Gnllner et al, 

1970). Counterbalancing the se faclhtatory effects is Inhibltory output tram the eJ<trapyramldal 

cerebral cortex, the striatum, the ventromedial reticular formation and the antenor lobe of the 

cerebellum (Baldissera et al.. 1981). This Influence is channelled Ihrough the retlcular mhlblto­

ry system, predomlnantly ln the ipsilateral ventrolateral fUn/culus of the spinal cor'j (Lawrence 

and Kuypers, 1965; Goldberger, 1969; Kuypers, 1974) Another ma/or output tram the motor 



1 

r 
1 

4 

cortex descends in the crossed lateral and uncrossed ventral corticospinal or pyramidal tracts. 

Excitatory and inhibitory effects of pyramidal tract stimulation on monosynaptic reflexes have 

been reported in a number of animal preparations (Preston et al., 1967; Gilman et aL, 1971; 

Feldman and Orlovsky, 1972; Hultborn et al., 1976c; Chapman and Wiesendanger, 1982a; 

Kelfer and Kalil, 1989). Pyramidal tract stimulation has been found to suppress monosynaptic 

reflexes in the cat (Preston et al., 1967; Hultborn et al., 1976c) and in in vitro hamster 

preparations (Keifer and Kalil, 1989). In the mo,lkey, however, both facilitatory and inhibnory 

influences on stretch reflexes have been reported (Gilman et al., 1971: Chapman and 

Wiesendanger, 1982a). 

Interruptions of descending pathways at the level of the brainstem or spinal cord 

upsets the balance of the descending control of muscle tone. Thus, in hemiplegia, hypertonia 

can partly be explained by the interruption of the inhibitory extrapyramidal pathways (Tasker 

et al., 1975). This would result in a release of stretch reflex activity from normal inhibitory 

control together with a net increase in descending excitation to segmental interneurons 

(Chapman and Wiesendanger, 1982b). 

2. Physlologleal Basls of Spastlelty 

Both non-neural and neural factors may contribute to *he hypertonia and hyperreflexia 

in spasticity. It is weil established that changes occur in extrafusal muscle fibres following 

central nervous system lesions (Edstrom, 1970). In at least one report, it has been suggested 

that non-reflexogenic factors such as motor unit changes, may contnbute to the hypertonia 

associated with locomotion (Dietz and Berger, 1983). These changes will be discussed in 

detail below in relation to voluntary movement. Neural factors such as enhanced spinal 

stretch reflexes are thOught to contribute to hypertonia. Furthermore, the magnitude of 

short·latency stretch reflexes 15 found to be broadly correlated with the severny of spasticity 

(here defined as resistance to passive rnovement) in the wrist (Cody et al., 1987) and the 

ankle (Berardelli et al., 1983). The me chanis ms underlying the hyperreflexia of spasticny are 

complex and more than likely involve a combination of pathological processes. 
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Enhanced and irradiating reflexes may result from altered segmental afferent input to 

propriospinal reflex circuitry or from abnormal processing of otherwise normal input from the 

periphery. To date however. there is no evidence Indicating abnormally increased activity in 

cutaneous or muscular afferents in spasticlty. Altematively abnormal processing may result 

from altered central drive increasing 'gamma' and/or 'alpha' motoneuronal excltabihty 

(Foerster, 1927; Granit, 1955). However, given the formidable convergence on la Inter­

neurons and alpha motoneurons from descending pathways and from segmental and hetero­

segmental afferents (Hultborn et al., 1976a,b,c; Baldissera et al., 1981; Alstermark et aL, 

1984; Rudomin et aL, 1986), other possibllities may also be considered. These include 

alterations in presynaptic, reciprocal ancf/or recurrent inhibition, changes in reflex thresholds 

and plastic changes in the central nervous system as a result of lesions. Each of these 

possible contributing factors will be discussed below. 

(1) Gamma Motoneuronal HyperexcltablIIty 

A quick stretch of the intrafusal muscle fibres excites primary (la) spindle afferents. 

These, in turn, have strong monosynaptic excrtatory connections to homonyrnous alpha 

motoneurons in the ventral horn of the spinal cord. The result is a short latency contraction 

of the extrafusal muscle fibres (Liddell and Sherrington, 1924). One way to enhance alpha 

motoneuronal responsiveness would be to increase gamma motoneuronal drave, thus 

increasing the sensitivity of the la afferents (Granit, 1955). The hypothesis of enhanced 

gamma bias was supported by findings that 'selective' block of gamma efferents led to a 

reduction in spasticity and rigidity in the decerebrate cat (Matthews and Rushworth, 1957) 

and in man (Rushworth, 1960). Spasticity was therefore attnbuted to a selective disorder of 

dynamic fusimotor neurons and rigidity to a selective disorder of static fusimotor neurons 

(Jansen and Matthews, 1962; Rushworth, 1964; Dietrichson, 1971, 1973). 

Several lin es of evidence have put the hypothesis of enhanced gamma motoneuronal 

excitability in doubt. Firstly, this mechanism was implicated as the major contnbutor to 

spast:city since decreases in muscle tone were observed after 'selective' blockade of 
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fuslmotor efferents by the In/ection of local anaesthetlc (Rushworth, 1960). However, these 

flndings should be Interpreted with cautIOn, Slnce Burke (1983) has pOlnted out that injection 

of local anaesthetlc into or around a motor nerve may not selectlvely block gamma moto­

neurons, especlally ln man Furthermore, slmllar studles attemptrng to block fuslmotor activlty 

uSlng Intrathecal and epidural injectIons of local anaesthetlc or tIbial nerve black dld not alter 

spastlclty (Landau et al, 1960, Gassel and Dlamantopoulos, 1964) Secondly, direct sptndle 

recordlngs from spastlc hemlpleglc monkeys indicated that sptndle sensltlvlty decreased 

dunng the period of hypotonia but never Increased to a level greater than normal even after 

the development 01 spastlclty (Gllman et al., 1974). The advent 01 mlcroneurographlc 

recordlngs offered a more rehable and direct method of assesstng sptndle changes ln man 1 n 

the only study compartng a small number of spastic (n=2) wlth normal subJects (n=8), 

Hagbarth et al (1973) recorded Irom single la afferents in the medial gastrocnemlus nerve 

They revealed no excessive sprndle activity durrng dynamlc and statlc stretch ln trrceps 

surae. On the other hand, Szumski et al. (1974) found a decreased latency of sptndle 

responses dunng the relaxation phase of contractions IOduced by manu al tendon taps durrng 

voluntary reinforcement (Jendrassik manoeuvre) in spastic patients. However, thls helghtened 

spindle actlvlty at the onset of the tap and dunng relaxatIon of the reflex Induced tWltch, was 

qualitatively not dlfferent Irom that evoked in normal sUbJects at rest (Szumskl et al , 1974) or 

du ring the Jendrasslk manoeuvre (Hagbarth et al, 1975), although the responses were hlghly 

variable. Thus, equivocal evidence suggests that ln spastic muscles at rest, sptndle respons­

es are not different Irom normal. Nonetheless, in the absence 01 spindle recordings Irom 

actively contracting spastic muscles, it would be premature to conclude that hyperretlexla is 

not the result 01 enhanced gamma motoneuronal act/vity. The bllik 01 the eVldence to date, 

however, leads to reservatlons about this hypothesis. 

(ft) Alpha Motoneuron~1 HyperexcltablIIty 

Alpha motoneuronal hyperexcitability can result Irom an increased net descending 

excitatory drive due 10 the interruption of supraspinal pathways. To investigate this posSlbility, 
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Matthews (1959) analyzed the size of the tonlC stretch reflex in the decerebrate cal He 

described a lamily of tension-Iength curo/es ln the soleus muscle ellclted by a vanPoty 01 

segmental retlexes wlth and without paralysis of gamma motoneurons He found that only the 

threshold of the stretch reflex changed whlle the slope 01 the tenslon-Iength relatlonshlp dld 

not. Investlgating the sa me question, Feldman and Orlovsky (1972) examlned the effects of 

stimulation of vanous supraspinal structures (Dieter's nucleus, pyramidai Iracl. medlal 

medullary retlcular formation) in unanesthetized Intercolhcularly decerebrated cats They lound 

that contlnuous stimulation (70 Hz) of Delter's nucleus. wh/ch 15 excltalory to hlndhmb 

extensors, resulted in a shlft of the tenslon-Iength curve to the left, 1 e Imtlal tension 

developed al a shorter muscle length. This suggested a lowenng of the stretch reflex 

threshold. Combinlng the excitatory input (Dieter's nucleus stimulation) wlth that 01 dlflerent 

descending Inhlbltory systems resulted in a decrease ot the stretch reflex th;-eshold, but dld 

not change the slope (reflex gain or stlffness) of trIe relationship. Simllar results were 

obtained Irom the hmdlimb flexors These flndings suggested (Ilat an Increased eXCItalory 

drive could lower the motoneuronal threshold, resulting in the thelr earl/er acllvallOn for the 

same affe ro nt input. Theoretically, such a shlft ln moto neuronal excltablhty may also be 

manifested ln lowered stretch reflex thresholds (Feldman, 1966, 1986) and could account for 

ail of the findings of hyperreflexia and hypertonia assoclated wlth spastlclty The decrease ln 

stretch reflex threshold is illustrated schematically ln Fig. 1 The normal torque-angle 

relationship is shown by the thick sohd line. Spastlclty cou Id anse from 1) a reductlon ln the 

stretch reflex threshold indicated by the thm sohd line labelled lt, 2) an Increase ln Jomt 

stiffness depicted by the dotted line, S; or 3) a combmatlon of both dlsturbances, shown ln 

the dashed curve lt,S. Recent empirical eVldence has lent support to th,s hypothesls (Lee et 

al., 1987; Powers et al, 1988, 1989). In a serres of experrments on spastlc elbow flexor 

muscles in hemlparetlc subjects, stretch reflex thresholds were lowered whlle reflex gains 

were not different trom normal (powers et al, 1988, 1989). Thus, Powers et al (1988) found 

a negative linear relationship between the evoked elbow torque and the threshold angle of 

EMG activlty, measured durrng stretch of the elbow flexors at 0.5 radians/sec There was no 
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Fig. 1. The torque-angle relationship for elic~ing the stretch reflex. The normal relationship is 
shown by the thick solid line. The theoretical changes in spasticity are depicted as a shift in 
stretch reflex thresholds (line LI), an increase in joint stiffness (line S), or a combination of 
bath (LttS). 
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systematic relation between stiffness lnd threshold angle Furthermore, when threshold 

influences were eliminated by requirtng ail subjects to generate a Iow level of actiVA torque 

prior to stretch (thereby bnnglng most motoneurons above their threshold levels), they found 

a considerable overlap in the average dynamic and static stretch-evoked torque and EMG 

activity between spastic and normal subjects. ThiS suggested that reflex gain was not 

enhanced in spasticlty (Powers et al., 1988, 1989). Reflex threshold changes were also found 

to be correlated wlth the seve rit y of clinical spasticity, although the calculated correlation 

coefficiel"t was not reported. Thus, alpha motoneuronal excltabllity, as reflected by stretch 

reflex threshold levels, appears to be increased ln spastlclty However, the physlological 

mechanisms mediatlng this enhancement are, as yet, unclear 

(III) Presynaptlc Inhibition 

Excitability of the monosynaptic stretch reflex (MSR) is thought to be sUbJect to 

presynaptic inhibition exerted via an axo-axonic synapse between ail interneuron and an la 

afferent terminal prior to the latter's projection to the alpha motoneuron. Thp, tnterneuron 

depolarizes the la afferent terminai, thereby reducing the amount of transmltter released by 

an impulse in thls axon (Eccles, 1964). Axo-axomc GABAergic presynaptic contacts have 

been damonstrated by electron microscopy between la and lb pnmary afferent fibres ln 

Clarke's column (Walmsley et aL, 1987), and on group la boutons in the motor nuclel of the 

cat (Curtis and Lodge, 1982; Fyffe and Light, 1984). 

The presynaptic hypothesis is based on three types of observations in animais: 1) 

Conditioning volleys in the flexor nerve reduce the slze of the monosynaptic excltatory post­

synaptic potential (EPSP) in extensor motoneurons without changlng the properties of the 

postsynaptic membrane (Eccles et aL, 1961, 1962; Eide et aL, 1968). 2) There eXlsts a close 

relationship between the magnitude and time course of the inhibition, and the depolarization 

of the primary afferent (PAO) terminais (Eccles, 1964; Rudomin et al, 1983; Brink et al, 

1984). 3) Depolarization of the presynaptic fibres durtng PAD reduces the presynaptic splke 

responsible for transmitter release (Eccles et aL, 1962; Hubbard and Willis, 1962; Llinas, 
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1968). 

Based on latency calculations, the presynaptic pathway is presumed to consls! of a 

minimum of two interneurons, flrst proposed by Eccles et al (1961), and later Identlfled by 

Intra-axonal recordmgs and dorsal root potentlals (Jankowska et al, 1981) Interneurons 

medlatmg PAD of cutaneous ar'ld group 1 muscular afferents have been located ln separale 

laminae of the cal spinal cord (Jankowska el aL, 1981). The relative effecllveness of 

palhways medlallng PAO related 10 flexors and extensor muscles appears to be selecllvely 

controlled by penpheral and descendlng Influences on these dlfferent last-order mterneurons 

(Lundberg, 1964; Rudomrn et al, 1983, 1986; Brink et aL, 1984, Jlmenez et al, 1988) For 

example, the low-threshold afferent evoked PAD from flexors to extensors m ~he cat may be 

dlfferentially controlled by volleys in cutaneous nerves, stimulation of the Ipsi/aterai retlcu/ai 

formation, the contralateral red nucleus or pyramidai tracts (Rudomm et al, 19H3, 1986) 

Furfhermore, spatial facIlitatIon from various combinations of flexor and extensor la afterents 

produced larger dorsal root potentials than stimulation of either afferents alone (Brrnk et al, 

1984). Slmllar convergence was demonstrated between flexor and I~xtensor lb, as weil as 

flexor la and lb, but not between extensor la and lb afferents (Brink et al, 1984) Thal 

presynaptlc control has been found 10 be mediated at the Interneuronal I~vel IS not surpnslng, 

given the extensive convergence of penpheral and descending pathways onto common 

interneurons located in lammae III • VII of the spinal cord (Lundberg, 1964; Baldiserra et al, 

1981, Rudomln et aL, 1981, 1983; Brink et al., 1984) 

Early Investigations of presynaptlc Inhibition focused on the Identification of PAO 

pathways mediated by la afferent fibres selectively activa/ed by electrical stImulation. Subse­

quently, longItudinal low-amplitude, high-frequency VIbration was found to be a powertul 

natural stimulus for the selectIve actIvation of pnmary muscle splndle endings ln the cat 

(Brown et al., 1967, Gillies et al., 1969; Barnes and Pompeiano, 1970a). ThiS was based on 

frndings !hat VIbration activated primary endings wrthout significantl) increasing the mean 

firing frequency of secondary spindle endings or Golgi tendon organs (Brown et al., 1967). In 

addition, inhibition of the MSR ln the decerebrate cat was correlated with the appearance of 
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PAD and dorsal root potentlals (Barnes and Pompelano, 1970a,b) The vibration cvohed 

Inhibition was unaffec1ed by removal of the skm or by sectIOn of the ventral roots, ruling out 

ItS medlation by cutaneous afferents or other muscular afferents actlvaled by muscle 

contraction (Glilles et al, 1969) ln these millai studles, It was further noled thdl, whlle 

monosynaptlc reflexes of extensors could be Inhlblted by vibration 01 flexors, Ihey were 

lacilitated by vibration of extensor synerglsts (Barnes and Pompelano, 1970a,b) ThiS 

suggested a dlfferenllal control over presynaptlc Inhlbltory pathways to flexors and extensor 

motoneurons 

ln man, there IS only indirect eVldence for presynaptlc mhlbltlon evoked by muscle or 

tendon vibration. In contrast to the cat, a 2 mm amphtude vlbralory stimulus 01 between 

80-100 Hz apphed 10 the homonymous Achilles tendon, was found to decrease the amplitude 

of soleus tendon Jerks and H reflexes (DeGail et al, 1966, Rushworth and Young, 1966, 

Marsden et al, 1969, Desmedt and Godaux. 1978) The inhibition IS nol fully developed unlll 

100 msec after vibration begins and may outlast It by several seconds (Somerville and 

AShby, 1978). even though sptndle responses are Immediate (Burke et al, '976) These 

ftndings suggested a central mechanism mediating the tnhlbltlon whlch may ael at Ihe 

segmental level. slnce the effect was still present ln spinal cord InJured subJects 

ln contrast to longitudinal vibration ln the cat, perpendlcularly applled Vibration ln man 

may be less selective for primary afferent flbeis tn the Intact hmb USlng mtcroeleetrode 

recordings, Burke et al. (1976) showed that 1 5 mm amplitude vibration belween 20 and 220 

Hz activated sptndle primary and secondary endmgs as weil as Golgi tendon organs and 

Pacinian receptors. The relative selecllvity of the stimulus for onmary afferenl eXCItallon 

appears to be related to the frequency and amplitude of vibration pnmary endlngs have 

been found to be much more sensitive th an Golgi tendon organs or secondary endlngs 10 

low-amplitude vibration (0 2 to 0.5 mm) in non-contracting muscles, the latter betng relatlvely 

unresponsive (Roll et aL, 1989). In addition, using elther hlgh- or low-ampillude Vibration, 

primary endings were capable of following t'ligher frequencles (up 10 100 Hz) Ihan secondary 

endings (Burke et aL, 1976; Roll et aL, 1989) These IIMlngs suggested that ln man, a 
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relative stimulus for primary spmdle endmgs cansists of law-amplitude, hlgh-trequency 

vibration. 

ln a further attempt to identlty the mechanrsms responslble for presynaptlc inhibition, 

AShby et al (198'7) lound that vibration apphed to the hamonymaus muscle or tendon 

reduced the facilitation of voluntanly actlvated single motor unJts from low-threshold muscular 

but not cutaneous afferents Vibration alone however, dld not alter the Ilrlng probablhty 01 

soleus mator un/ts, suggestrng that the mechamsm of the depresslon was IIkely to be 

presynaptlc. However, ln tha! study, splndle pnmary endlngs may not have been the 

dominant receptars actlvated This is suggested slnce the Investlgators used a large 

amplitude of vibration (6 mm), whlch is likely to stimulate more than Just the pnmary afferenis 

(Burke et al ,1976) Secondly, a slgmllcant contribution Irom lb afferents cannot be ruied out, 

sinee the response ta vibration has been found ta increase greatly dunng contraction of the 

receptor beanng muscle (Roll et aL, 1989). Furthermor~, the InhIbition 01 the MSR may t~ 

enhanced by the spread of vibration to antagonist musclp,c;. For exarnple, Dlndar and Verner 

(1975) found that the InhibItion of the soleus MSR was decreased ln man, when the Achilles 

teildan was vlbrated dunng a complete block of the peroneal nerve innervatmg the muscle'$ 

of the antenor compartment of the leg. This suggested that the rnhlbltlon was enhanced by 

the activatIon 01 receptors ln the antagonistlc flexor muscles 

Thus, presynaptlc InhIbitIOn may not be the only mechanism whlch contnbutes to the 

depresslon of monosynaptlc reflexes during vibration in man. In fact, dunng prolonged 

vibration, other contnbutory factors may Jnclude refractonness of the la fibres (Hagbarth, 

1973), transmltter depletion of the la terminais (Katz et aL, 1977), and postsynaptlc non-recl­

procal group 1 InhIbition (la mediated lb inhibition; Felz et al., 1979). In other words, although 

the inhibition of the MSR evaked by vibration may in part be due to a presynaptlc mechan­

Ism medlated by the activation of la afferents, addltianal contributions could Originale from 

postsynaptic and reciprocal Inhibition, as weil as from mechanisms mediated by the activation 

of other nïuscular and cutaneous afferents. 
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An IntngUlng finding 15 that the amount of vlbratory inhIbition of the H ret/ex, t3x· 

pressed as a percentage of the cOiltrol H reflex response (HVlb/H), IS altered ln patients wlth 

spastlcity (Gillies et al, 1969, Burke and Ashby, 1972, Delwalde, 1973, Ashby and Verner, 

1975, 1976) More speclflcally, the HVlb/H ratios were found to be hlgher (643 ± S 0 126"/0, 

Astlby and Verner, 1976, 832 ± 206% Hale and Chan, 1986a) ln chronlc tlemlpleglc 

spastlclty than in normals (41 5%, Ashby and Verner, 1976, 446 ± 324% Hale and Chan, 

1986a). Based on the mechanlsms revlewed abo\fe, an Increase ln Ille HVlb/H ratio may 

partly result trom a reduction ln presynaptlc mhlbltlon Furtherrnore, dlazepam, whlch has 

been found to increase presynaptlc inhibition ln ammals (Slratton and Barnes, 1971), 

decreased HVlb/H ratios ln spastlc man (Delwalde, 1971, 1985) Consequentty, IIldlrecl 

evidence suggests that reduced presynaptic mhlbitlon, demonstrated by Increased HVlb/H 

ratios and the response ta dlazepam, may be one factor contnbutmg to spastlclty ln man 

(Iv) Plastic Changes 

Followlng leslons in the central nervous system, new or altered synapllc connectlVlty 

may occur due to plastic changes. As early as 1911, Cajal prescleJ1t1y suggested 'na' 

prolonged morphologlcal and physlological changes ln synaptlc connections between nerve 

cells could occur. Subsequently, plastlclty has been delined as any persistent change ln the 

functional properties of Single neurons or neuronal aggregates (TsukaI1ara, 1981) ThiS 

section will locus on the plastic mechanisms whlch may contnbute to the developmenl 01 

spasticity. 

Plastic changes associated with CNS lesions mclude altered effectiveness of synapllc 

usage due to 'unmasking' of latent synapses, release of transmiSSion ln eXlstmg reflex 

pathways, de nervation supersensitivity and/or collateral sproutlng resultmg ln the formation of 

new synapses. Each 01 these mechanlsms may con\rrbute ta the development 01 spastlclty 

Unmasking and release may occur Immedlately followmg CNS leslons, whlle de nervation 

supersensitlvity and sprouting appear wlthin several days to weeks (Mendell, 1984) 

i 
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Unmasklng. Within several hours of spinal cord transection ln the Intact anesthetlzed 

cat, the populatIon of motoneurons in the medial gastrocnemius respondlng ta sIngle la fibre 

stimulation Increased from 80% to 99% (Nelson et aL, 1979; Nelson and Mendell, 1979) 

These authors also reported an increase in EPSP amplitude that took hours to develop but 

returned to normal 5 days after transection The short tlme course of these changes ln 

projectIOn frequency and EPSP amplitude suggested the actIvatIon ot already eXlsting but 

previously 'masked' synapses. This mechanism could also explaln the early Ilndlng 01 

recovery of dlaphragm paralysls due to cervical hemlsectlon in the dog tollowtng transection 

of the contralateral phrenic nerve (Porter, 1895). This recovery rrlay have resulted trom the 

activation of a weak, normally meffective, crossed descending pathway, caused by the 

sudden increase in respiratory drive. Unmasking may also have been the mechanism 

responsible for the immediate Increase observed ln reflex functlon following acute spinal 

transectian in the cat (Wall, 1967; Mende", 1972). Thus, unmaskmg appears ta be a likely 

mechamsm for immediate changes in reflex function which may contnbute to spasticity. 

However, alterations in non-neuronal humoral mechanisms may also have contributed ta 

these effects (Wall, 1988). 

Release of Transmission ln Reflex Pathways. There is also much eVldence for 

'switching' or release of transmission in reflex pathways following CNS lesions. This may 

result in changes in the adequate stimulus for evoking some reflex behaviour. For example, 

the normal pathway for bladder emptying in the cat consists of a spino-bulbasplnal reflex 

initiated by a proprioceptive stimulus (distension). Following spinal transection interruptlng this 

reflex arc, bladder emptying recovers but the pathway becomes a segmental one mediated 

by a cutaneous stimulation (Thor et al., 1986). Another example of reflex switching derives 

from f1exar reflex afferent pathways (FRA). These afferents share a comman polysynaptlc 

reflex pathway which serves to predominantly facilitate the flexor and inhlbit the extensor 
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motoneurons. However, transmission ln these FRA pélthways IS under dlflerentml supraspmal 

control (Holmqvlst and Lundberg, 1961; Baldissera et al, 1981) Il IS suppressed by descend­

Ing monoaminerglc and non-monoamlnelglc dorsal reticulosplnal systems, and faclhtated by 

the corticospinal and rubrosplnal tracts. Lesions in the Inhibitory dorsal retlculosplnal tract and 

the pyramidal tract may 'release' the FRA from supraspinal control The relatIve degree to 

which the balance between Inhlbltory and faclhtatory descendmg control IS upset by supraspl­

nal lesions may contnbute to the appearance 01 elther lIexor or extensor hypertonlclty Thus, 

the release from descendmg control may explain elther the enhanced lIexor tone reported ln 

spinal spasticlty (Kugelberg, 1962, DlmltrlJevic and Nathan, 1968. Young. 1973). or the 

excessive extensor spasticity followmg brain lesions (Bobath. 1978). 

Denervatlon SupersenSltlvlty Denervation supersensltlVlty may result from changes 

in the physiology or morphology of presynaptic boutons responslble for neurotransmltter 

release or of postsynaptic receptors mediating transmltter action Whlle several studles have 

demonstrated increased sensitivity to neurotransmitters followlng CNS leslons, conclusive 

evidence for either a presynaptic or postsynaptic locus of thls effect IS lacklng Followmg 

leslons of the serotonergic and catecholeaminergic pathways in the rat sp!nal cOïd, the 

terminais of the descendmg fibres disappeared from the ventral horn This degeneratlve 

process developed during the initial two weeks folloYJmg ln jury and was accompanled by an 

Increased sensillvity to neurochemical agents such as the noradrenerglc agonlst, clonldme 

(Nygren et aL, 1974). Similarly, ln the first few days after spmal cord transectlon 111 the rat, 

an increased spontaneous hindlimb EMG activity was observed followmg the administration 01 

5-hydroxytryptophan. This sensltivity progressively increased by up to 1000% dunng the 

subsequent 30 days (Bedard et aL, 1979). This suggested an enhanced sensltlvlty 01 

serotonergic receptors. More direct evidence for a postsynaptic locus of denervatlOn super­

sensitivity may be derived from bmdlng studies. Nakata et al (1979) Investlgated the bmdm9 

of 3H-labeled substance P in deafferented rabbit spinal cord. They demonstrated an Increased 

number of receptor sites while the affinity of these sites for substance P was unchanged 
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Denervatlon supersensltivlty is a mechamsm which has a similar tlme course as sprouting 

and may very weil contribute to the development of spasticity 

Sproutlng. In the peripheral nervous systems, after partial transection of a motor 

nerve, collateral sprouts of intact motor fibres can reinnervate the deafferented muscle and 

re-establish functional connr.>ctions (Edds, 1953; Brown and Ironton, 1987). Sprouting also 

occurs in the CNS, but it is far less prolific in the adult than in the neonate, and IS restncted 

to specifie neuronal pathways. For example, after destruction of the nucleus graclIIs, the 

number of ce Ifs responding to forelimb stimulation in the ventral posterior lateral nucleus of 

the rat thalamus expanded to occupy almost 60% of the area prevlously representlng the 

hindlimb (Wall and Egger, 1971). Sprouting has been descnbed in noradrenergic bulbospinal 

(B,orklund et al., 1971) and corticospinal fibres (Kali! and Reh, 1978) It 15 present ln the 

hippocampus, the thalamus (Wall and Egger, 1971), the red nucleus (Tsukahara, 1981; 

N.eoullon and Dustlcier, 1983), and the cerebral cortex (Purpura, 1961; Tsukahar 3, 1981) 

Sprouting has not been demonstrated in sensory relay nuclel such as spinal trigemlnal nuclei 

(Kerr, 1972), nor in the rubrospinal fibres (Castro, 1978). 

Evidence for sprouting may be derived anatomically, physiologically and functionally 

An increase in the number of afferent fibres on the affected side of the hemisected cord was 

originally demonstrated by light microscopy in adult rats, cats and primates (Liu and Cham­

bers, 1958; McCouch et al., 1958). The finding of an increased denslty of dorsal root 

pro,ections was later confirmed in cats (Murray and Goldberger, 1974) but not ln rats 

(Malmsten, 1983; Rodin and Kruger, 1984), indicatlng sorne species dlfferences. The original 

morpt.ological evidence for sprouting awalted the development of higher resolution techniques 

for confirmation. Thus, " was found by electron microscopy that, ln the rat septum, the 

sproutlng axons made apparently functional morphological connections with vacated synaptic 

sites after interruption of fimbrial fibres (Raisman and Field, 1973). There is also some 

evidence for sprouting of the interrupted descending terminais followlng cord lesions (Prender­

gast and Misantone, 1980). That the new connections made in the spinal cord may be 
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functional has been demonstrated by an increase ln the size of the cord dorsum potential 

(McCouch et al, 1958; Mendel! et al., "1978), or an increase in the amplitude 01 the EPSP 

(Nelson and Mendell, 1979) associated wlth morphologlcal eVldence for sprouling 

The slow tlme course of sprouting may be consistent wlth the graduai recovery 01 

function simuitaneously with the development of spastlcity There are however, dlsagreements 

in the actual tlme course of sprouting between species and between dillerent parts of the 

CNS. The rise in synaptic contacts ln the rat septum occurred almost at once lollowlng 

flmbrial lesions and reached completlon by one month (Ralsman and Field, 1973) ln the 

dorsal hom, however, the increased fibre count followlng midthoraclc hemlsectlons in the cat 

appeared only after a period of 2 weeks (McCouch et al, 1958) ThiS is Slmllar to the tlme 

course of recovery of motor function following spinal transectlOn (Goldberger and Murray, 

1978), although a degree of variablilty has been reported Sorne Investlgators noted the 

return of a certain level of motor control over a 4 to 21 day penod (Hultborn and Malmsten, 

1983), while others, only after a minimum of 2 weeks (Murray and Goldberger, 1974) The 

latter and not the former lime course coincides with the time course 01 sproutmg ln several 

brain and spinal cord structures (Tsukahara, 1981) ln contrast, the mcrease ln segmental 

reflex excltabllity may precede the return of motor functlon Enhancement of spinal reflexes 

has been alternatlvely reported after periods of hours to days (Hultborn and Malmsten, 1983), 

and up to two weeks (Murray and Goldberger, 1974) followlng spinal hemlsectlon or 

transection in the cat. On the other hand, polysynaptic reflexes (e,g, crossed extensor 

reflexes) were found to increase only after 7 days in the transected, heml-deafferented cat. 

This increase appeared to be correlated with an increased dorsal root projection (Murray and 

Goldberger, 1974; Goldberger and Murray, 1974), suggesting a sproutmg mechanlsm 

From the flndings to date, therefore, It seems hkely that the graduai development 01 

spasticity may be related to sproullng medlating sorne recovery of motor luncliOn and 01 

polysynaptic reflexes rather than the mere return of segmental reflex actlvlty. 
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(v) Other Mechanlsms 

ln spasticny, other reflex pathways also undergo characteristic changes. Reciprocal 

inhibition rnediated by a disynaptic pathway via the la inhibitory interneuron is altered. For 

example, in the Iower limb of hemiplegic subjects, reciprocal inhibnion from spastic ankle 

extensors to pre-tibial flexors is enhanced. This mechanism may contribute to the marked 

weakness in the latter muscle group (Yanagisawa et al., 1976, Tanaka, 1983). In the upper 

limb, Day et al. (1987) and Nakashima et al. (1989) used radial nerve conditioning of spastic 

wrist tlexor H reflexes, to show that disynaptic reciprocal inhibition from extensors to spastic 

flexors of the forearm is reduced. 

Recurrent (Renshaw) inhibition may also be altered in spasticity. Renshaw cells are 

small interneurons in the ventromedial hOrn of the spinal cord. They are monosynaptically 

excited by axonal recurrent collaterals and form inhibitory synapses with neighbouring 

motoneurons (Renshaw, 1941). One of the functions of Renshaw inhibition may be to limit 

the firing frequency of motoneurons and confine activny to a specified motoneuronal pool 

(Veale et al., 1973). In addition to their direct inhibitory effects on other motoneurons, 

Renshaw cells inhibit la inhibitory interneurons (Hultbom et al., 1971). This may cause an 

indirect disinhibition of the antagonistic motoneurons. Katz and Pierrot-Deseilligny (1982) 

compared the presumed Renshaw inhibition of conditioned M responses at rest and during 

voluntary activation between normal and spastic subjects. They used a complex methodology 

involving the conditioning of maximal M responses witt! a preceding H reflex stimulus timed 

to block the test motoneuronal antidromic volley. There was no evidence for a decrease in 

the excitabilny of Renshaw ce Ils in spastic patients at rest, suggesting that a lack I./f recurrent 

inhibition may not contribute to hypertonicny. However, in contrast to normal subjects, 

Renshaw inhibition was absent during postural and voluntary contractions. Thus, although 

probably not contributing to the developrnent of spasticity pet se, altered recurrent inhibition 

may contribute to changes in voluntary muscular activation in patients with spasticity. 

ln summary, central projections to la inhibitory interneurons and Renshaw cells may 
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be disturbed following central nervous system lesions These alteratlons ln the descendlng 

control of reflex oathways may contribute to the development of spasticity 

(vi) Non-reflexogenlc Contributions to Hypertonla 

Although spasticity can largely be attnbuted to changed excltabllity ln reflex pattlways, 

altered mechanical properties and behavior of motor units may also be contnbutory Followlng 

upper motor neuron lesions, there may be a redlstnbution in the types of remall1lng motor 

units Mayer et al. (1984) examined the behavlour of I"dividual gastrocnemlus motor Unlts via 

direct motoneuronal recording in chronic spinal cats up to 23 weeks lollowing complete spinal 

transection. They found that ail motor units, inclûding FF (Iast-fatiguable) type, exhlblted sorne 

decreases in lorce output, mean fibre area, and Isometric twitch contraction tlmes They also 

found that the proportion of F (in\; fast-intermediate) motor units was greater than normal FR 

(fast, fatigue-resistant) and 5 (slow-twitch) units were less numerous, whlle the proportion 01 

FF units did not differ from normal. Histochemlcal examinallon revealed simllar changes ln 

the correspondlng fibre types. In contrast, several studies have reported an equal decrease ln 

the number of motor unlts of ail hlstochemlcal types following spinal cord transectlOn ln cats 

and rats (Cope et al, 1986; Eidelberg et aL, 1989). 

ln man, however, different patterns of motor unit changes occur dependlng on the 

location of the CNS lesion. In patients with spasticity due to complete spinal cord transec­

tion, an equal decrease in fast- and slow-twltch fibres has been reported (Edstrom et al . 

1973). In contrast, in hemiparetic patients, Edstrom (1970) found a greater proportion 01 

slow-twltch fibres in antigravity muscles (i e. ankle plantarflexors, elbow flexors) ThiS was 

possibly due to a selective atrophy of fast-twitch fibres (McComas et al • 1973) Dletz et al 

(1986), while unable to demonstrate an altered proportion of motor Unit types, simllarly 

reporled a selective atrophy in fabt-twitch fibres in the gastrocnemius muscles of 4 hemlpare-
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tic subjects. These few studies ln man classlfied the fibres only mto fast or slow types Thus, 

the apparent dlscrepancy between anlrlal and human findmgs may be attnbutable to changes 

ln the number of F(int) fibre types, as suggested by Mayer et al. (1984). but this posslbllity 

has not yet been investlgated in man. 

ln hemlplegic spast1clty, the total number of functiomng motor umts was found to be 

decreased on the aftected side to 50% of control in extensor dlgllorum brevis (McComas et 

al, 1973) and to 57% ot control in so/eus muscles (Sica and Sanz, 1976) This IS consistent 

with recent results m the rat, indlcatmg sigmflcant decreases (approxlmately 69% of control) 

in the total number of funcllOning motor units following bilateral ablation of the motor cortex 

(Eidelberg et al, 1989). Mean contraction times of the remaining fast-twitch units may a/so be 

slower in hemlparetic patients (Young and Mayer, 1982). 

Mechanisms which may be respons.ble for motor unit and muscle fibre changes ln 

spasticity Inc/ude disuse atrophy (Edstrom et al., 1973, McComas el aL, 1973), mterconver· 

sion between slow- and fast-twitch muscle fibres (Loma et al., 1980), and trans-synaptic 

degeneration ot motoneurons induced by C()'1ical reslons (McComas et aL, 1973, Eidelberg et 

al., 1989). 

The changed proportions of motor units may be partially respons.b/e for the Increased 

tone of spastic muscle. From élnimal experiments, it has been shown that slow-twitch muscle 

fibres themselves offet a small but shghtly greater tesistance to stretch than fast-twitch fibres, 

due to their vlscoelastic properties alone (Browne, 1976). The increased proportion of 

slow-twitch muscle fibres found in spastic muscle could be, therefore, partly responslble for 

the production of increased museular tens.on in spastic hemiplegia. Sorne support for this 

hypothesis derives from reeent findings of inereased Achilles tendon tension during the stance 

phase of gait (Dietz and Berger, 1983; Berger et al., 1984). Tension was recarded from the 

Achilles tendon by a laterally attached transducer. Compared ta the unaffected slde, tension 

in the tendon was augmented w.thout concomitant rncreases in triceps surae EMG. The 

poSSlbihty that the increased tension may have been due to decreased co-contraction was 

ruled out by concomitant tibialis anterior EMG recordings. These findlngs suggest that 
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changes in tendon charactenstlcs and/or muscle fIbre types alone could augment muscle 

tone, but the extent of this possible contnbutlon is unknown 

Although changes ln motor Unit types and muscle fIbres may contnbule only a small 

amount to the mcreased resistance in spastic muscle, thelr possIble contnbutlon cannot be 

overlooked. As It WIll emerge below, alteratlons ln the distnbutlon and charactenstlcs 01 motor 

unit types followmg upper motor neuron lesions may also contnbute to problems ln voluntary 

muscle activation. 

VOLUNTARY MOTOR FUNCTION 

Several abnormalities in muscle activation patterns have been descnbed ln patients 

'Nlth spasticity due to central lesions. Qualitative studies have reported an inablllty to mamlarn 

a steady motoneuronal discharge (Kranz, 1981) and, speclfically, an Impalred conlrol of molor 

unit frequency (PetaJan, 1983). These deficits may contribute to the reported Impalrment m 

whole muscle recrUitment and terminatlon during various actIve tasks (Benecke et al, 1983, 

Schieppati et al., 1985, Hammond et al., 1988b). Hammond and her group (1988b) studled 

maximal isometric contractions of wnst f1exor and extensor muscles ln hemlparellc sub)ects 

with the use of monopolar needle electromyography. They reported abnormally prolonged 

recruitment of EMG activity. Earlier termlnation of EMG actlvity was attrrbuted to an Inablhty 

to maintain a prolonged contraction. The duration of contraction ln paretlC wnst extensor 

muscles was reduced to half of that obtained in age-matched control subJects (308 sec 

compared to 5.94 sec for a 6 sec contraction) Allhough, ln general. the ability to mamtam 

prolonged contractions was better in spastlc wnst flexors than ln paretlc extensors, It was 

nonetheless significantly less than that in controls (approxlmately 45 sec, Fllts el al, 1989) 

ln a study of spastic amyotrophie lateral sclerosls patients performmg quasl-Isometnc ankle 

plantarflexions, the termmation of soleus EMG activlty was delayed and th,s was assocraled 

with an abnormal facilitation of the soleus H reflex (Schleppah et al, 1985) ThIs flndlng 

suggests that an Inhibltory mechanism was reduced or absent ln these patients Termmatlon 

of muscular activity is also abnormally prolonged durrng rhythmlc funcllonal actlvltles ln 

, 
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patients with spinal paraparesls. For example, ln two separate studles uSlng simllar measure­

ment techniques, lower limb extensors and flexors dlsplayed enhanced and prolonged activlty 

dunng normally qUiescent phases of the bicycling and gait cycles (Benecke et aL, 1983; Fung 

and Barbeau, 1989) 

Normally, contraction 01 a muscle group IS assoclated wlth reclprocal inhibition 01 Its 

antagonists (Hultborn et al, 1976c). In spastic patients, abnormal co-contraction of agonist 

and antagonlst muscles IS frequently observed. However, sorne of the Ilndlngs are contradlc­

tory and the mechanlsm(s) are unclear. Abnormal co-contraction ln spastlclty has been 

rpported during sorne isolated movements ln the upper (prevo et al, 1982; Hammond et al, 

1988a) and lower limb (McLellan, 1977, Knutsson, 1983), and during complex behavlours 

such as locomotion (Knutsson and Richards, 1979). 

Co-contraction, expressed as the ratio of the antagonlst to the total (agonlst plus 

antagonist) EMG activity, was reportedly Increased dunng both wrist extension and flexion 

Co-contraction ratios were 0.30 in spastic compared to 0.07 in normal controls for wrist 

extension, and 0 08 compared to 0.02 respectively for wnst fleXion (Hammond et aL, 1988a) 

Other studies have expressed co-contraction as the ratio of EMG area when the muscle 

acted as antagonlst to Its activity when acting as agonist (McLellan, 1977; Prevo et al, 

1982). Abnormal co-contraction has also been descnbed dunng Isolated knee flexion and 

extension movements, and in the stance phase of gait in spinal cord Injured (Fung and 

Barbeau, 1989) and in sorne hemlparetic subjects (Knutsson and Richards, 1979). 

Several mechanisms may contribute to the abnormal motor control in spastlclty. The 

deficrt in voluntary motor control following cortical Jesions has been partly attnbuted to 

alterations in the control of motor units following upper motor neuron lesions as discussed 

abOve. In decerebrate, dorsally hemisected cats, for example, the slope of the EMG/lorce 

relationship was found to be increased tourfoJd compared to control (Rymer et al, 1979). The 

changed relationship was attribuled 10 a fall in the mean molor unit dlscharge rate so that the 

force output for each unit was substantially decreased. Thus, the producllon of a given level 

of force necessitated the recruitment of a greater number of motor units. These animal 
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findings were also extended to 17 hemiplegic subjects ln whom, at least hall had Increased 

EMGlforce relatlonshlps ln spastlc blceps-brachiahs muscles (Tang and Aymer, 198') Indeed, 

functional alteratlons ln motor unlts may contnbute to changes ln EMG/force relatlonshlps ln 

spastic muscle. However, these changes alone do not adequately explaln the abnormahlles ln 

recruitment patterns of agonist and antagonisllc muscles. Clearly, there are ot her factors 

involved. 

ln this connection, deficlts in voluntary control of movement have been attnbuted to 

alterations in the organlzatlon of segmental reflex activity, such as enhanced stretch reflexes 

(McLellan, 1977; Knutsson and Martensson, 1980; Corcos et al, 1986). dlsordered reclprocal 

inhibition (Yanagisawa et aL, 1976), and abnormal descendlng commands (Feldman, 1986) 

These possible contnbutory factors Will now be discussed 

The evidence that hyperactive reflexes interfere wlth voluntary movement IS contradlc­

tory. Part of the controversy may be related to the posslblhty that the relallonshlp between 

reflex and motor function may be dlfferentially orgamzed ln the upper and lower hmbs For 

ex ample, Corcos et al. (1986) studled ballistic ankle dorslflexlons ln the lower hmbs of a 

mixed group of spastlc subjccts. Attempts to dorsiflex rapidly were impeded by abnormal 

antagonist EMG bursts ln 3 out of 8 subJects The abnormal actlvlty appeared to be rellex ln 

origin, since It was veloclty dependent and occurred at a latency conSistent wlth stretch 

reflexes in the calf muscle (50 msec). Furthermore, the antagonlst bursts may have conln­

buted to reversais in movement direction evident ln the position trace and reported prevlously 

by others (Dimltrijevic and Nathan, 1967). Evidence to the contrary has been found ln the 

upper limb of spastic subjects. Sahrmann and Norton (1977) reported that ISotOniC elbow 

flexion and extension movements were slower and of smallel amplitude in spastlc hemlparetlc 

patients compared to normal controls. In these patients, EMG actlvlty ln the spastlc elbow 

flexors du ring isotonic flexion movements was not correlated with hyperactive reflex actlvity 

evident in the EMG of the antagonlst muscle triceps. This suggested that enhanced reflex ac­

tivity did not contnbute to the movement deficlt. Instead, the dellclt was assoclated wllh 

limited and prolonged recruitment and delayed termination of agonist contraction as weil as 
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some degree of co-contractioil. MeLe lien et al. (1985) al50 5howed that the d/sorder ln 

voluntary motor control may not be related to hyperactive stretch reflex acllvlty. Thelr con-

clusion was based on the findtng that pharmacologlcal ameltoratton of reflex hyperactlvlty ln 

the lower 11mb was not necessanly correlated with improved voluntary movement (Duncan et 

aL, 1976, McLellan, 1977) However, ln these studles, the reflex hyperactlVlty was measured 

at rest. It IS weil known that reflexes are modulated dlfferently al rest from that dunng 

voluntary mOl/ement. In contrast to the resting condition, stretch reflex gains (measured as 

stiffness) are tncreased dunng I/oluntary movement, at least é1! low and Intermedlate torce 

levels up ta 50% maxImal voluntary contractIon in normal subJects (MarSden et al, 1976, 

Matthews, 1986; Gottlieb et al, 1970, Taft et al. 1989). In spasticity, reffex gams are simllarly 

modified dunng voluntary effort and do not appear to differ from normal (Lee et aL, 1987) 

Therefore, it is not surprising Ihat a decrease in hyperactive stretch reflexes measured at rest 

did not result ln an Improvement in vOluntary motor function ln spastlc subjects. In summary, 

the contribution of abnormal stretch reflexes to disturbed voluntary motor control ln spastlclty 

remains unelear 

Along with the possible contribution of tncreased stretch reflexes, the deficlt ln 

voluntary activation ln hemiparesis can also be ascnbed to a dlsruption in descendtng 

commands. This may be expressed as a disordered supraspinal control of spinal interneurons 

responsible for reclprocal inhib~ion (see section (v) on Other Mechanisms), or as an 

Imbalance between descendmg reciprocal and coactivation commands Two theones of motor 

control have emerged, based on early observations of reciprocal activlly and coactlvatlon 

Sherrington's (1909) work suggested that movements were organtzed ln a reclprocal manner 

Later, Ti/ney and Pike (1925) proposed that muscular coordination depended primanly on 

synchronous coactivation of opposing muscle groups. Movements reqUiring precision or made 

at high velocrties with heavy loads are characterized by some degree of co-contraction 

(Bouisset and Lestienne, 1974; Patton and Mortensen, 1971). On the other hand, reciprocal 

patterns of activation are more hkely ta accompany isometric contractions (Smllh, 1981). A 

coordinated theory of motor control proposed by Feldman (1980a,b), based on these con-
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cepts, suggests that movement IS organized accordmg to dlflerent combmatlons 01 reclprocal 

and/or co-contraction commands originating from higher centres Emplrlcal support for thls 

theory comes Irom the work ln non-human pnmates. Overlappmg reglons 01 the pre-central 

motor cortex controlhng reclprocal and coactivatlon commands lor movemenls 01 the WIiSt. 

have been demonstrated (Humphrey and Reed, 1983) These control reglons lunclloned 

independently of somatosensory feedback Simllarly, other researchers have round tha! 

specific areas of the cortex (Cheney et al., 1982), cerebellum (Smith, 1981) and red nucleus 

(Cheney and Mewes, 1986) can be selectlvely actlvated dunng upper 11mb movements 

requiring reclprocal movement or coactlvation Thus, ln man, leslons 01 the pre-central cortex 

may result ln dlsturbances of the propo&ed coordlnated system between reclprocal and 

coactivatlon commands 

ln summary, disordered voluntary activation of spastlc muscle ln hemlpleglc sublects 

may result from altered physiological properties of motor umts, decreased stretch relie x 

thresholds leading to hyperactive and Inappropnate stretch reflex actlvlty. and/or dlsrupted 

descending commands resultmg ln increased co-contraclion and decreased reclprocal 

inhibition. 

Further research onented towards a greater understandlng 01 the mechanlsms 

underlying spastlcity is still needed. In addition, Slnce spastlcity IS a complex phenomenon, 

future studies should incorporate comprehensive and representatlve measurement 

MEASUREMENT OF SPASTICITY 

It seems to be of general consensus that no single measure IS a lully adequate 

descriptor of the changes associated wlth spasticlty. As discussed above, the nature 01 spas­

ticity IS probably multifactonal. The relative contnbutlon of each lactor to the cllnlcal manlles­

tation of spastlcity has not been clearly elucldated. Due to both the tOniC and phaslc nature 

of spasticity, recent investigators favour a barrage of measures, to achleve a composite mdex 

of spasticity (Dimitrijevlc et aL, 1983, Delwaide, 1985). ThiS section Will review commonly 

used clinical and physiological measures 
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1. Cllnlcal Measures of Spastlclty 

Chnlcal/y measured hypertonla IS by Itselt only one mamfestallon of spastlcity, yet Jt IS 

often used as the sole Indication of thls complex phenomenon. Muscle tone 15 measured as 

the resistance felt by the exammer 10 passive movement of the 11mb A widely employed 

three-pomt scale rates l' for mlldly, '2' for moderately, and '3' for severely Increased tone 

(Ashworth. 1964) This reslstance has been attnbutE d ta Increased tonlc stretch reflex actlvlty, 

whlch vanes hnearly wlth the veloclty of the ramp s,retch over a wlde range of velocltJes (80-

400o/sec, Burke and Lance, 1973) Stretch reflex responses are also correlated wlth initiai 

muscle length ln the ca! (Houk et al, 1981) and rn man (Burke et al, 1970) Indeed, direct 

recordings of pnmary and secondary spindle afferents du ring ramp and ho Id stretches in the 

cat, revealed that bOlh types of receplors responded ta the producl of muscle length and 

veloclly of stretch (Houk et aL, 1981). Thus, vanability hl clin/cal measurement of tone is 

related la Ihe initlaJ position of the limb being tested (Bu rke el aL, 1970) and the veloclty of 

the passive dlsplacement (Burke and Lance, 1973; Meyer and Adorjani, 1980). Whether or 

not the veloclly of displacement remalnS constant throughout the movement can be anolher 

contnbutmg factor. As weil, the position of the subJect (Bobath, 1978), hls alertness a'ld the 

enwonmental conditions ln the testing room such as temperature and nOise (Stam and Tan, 

1987), may also Influence the reflex output. Final/y, in subjective lesting, factors such as the 

examlner's perception of the reslstance being offered to the movement and the total time 

reqUired for lesting may contribute la the low reJiability. 

Other clinical measures used ta assess spasticity Include the excitability of tendon 

reflexes, the presence and sevenly of clonus. and clasp-kmfe reflexes. Tendon reflexes, 

evoked by a rapid stretch of the tendon via a hand-held reflex hammer. are employed 

clinically to assess the excltabllity of phasic stretch reflexes. Clinlcal evaluation consists of 

estimating the amplitude of the reflex response. This is expressed either quahtatively (I.e. 

'sluggish' to 'brisk') or quantitatively via numerical rating scales. The amplitude of thls reflex IS 

reported to be proportional to the intensity of tendon percussion tor soleus and quadriceps 
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(Stam and Tan, 1987). but not for biceps brachel (Stam and van Crevel, 1989) ln these 

studies, the intensity of the stimulus was measured by a plezo-electnc transducer altached to 

the hammer, whlch dellvered a Signai proportional to ItS deceleratlon dunng the tap The 

variablllty of the responses ln sole us or quadnceps was found to be Sirmlar when uSlng ellller 

a hand-held (coefficient of vanation. CV = 179% and 255% respectlvely ln ttle two muscles) 

or a mechamcally-dnven hammer (CV = 193% and 31 7% respectlvely) Chnlcal testlng. 

however. should be done uSlng maximal tendon percussion. slnce the examiner cannot 

reproduce a constant sub-maxlmal stimulus Intenslty 

Clonus, a rhythmical (5-8 Hz) self-sustalmng muscular contraction. IS ellclted by a 

sudden and mamtalned stretch. Confhctlng evidence about the modiflablilty of clonus due to 

penpheral factors such as a change in the mass of the foot (Dlmltr'jevlc et al . 1980. Rack et 

aL, 1984) has been reported ln the former study, no change ln clonus frequency was found 

after a welght was added to the foot or an external VISCOUS drag was created However, the 

location and effect of the imposed load on the foot was unclear These made the resulls 

difficult to evaluate. In the latter study, the external load was attachfld to the foot ln such a 

way that the mass was Increased, while the veloclty of the perturbation evoklng the clonus 

was unchanged Under these conditions, clonus frequency was reduced to 26Hz wlth 

Increasing loads These findmgs suggest that clonus can be Influenced by penpheral factors 

Notwithstanding the se results, it is generally agreed that clonus is due to a central mechan­

ism such as a self-sustaining OSCillation in the stretch reflex pathway (Dlmltnjevlc et al . 1980; 

Rack et aL, 1984). Clinically, cio nus is quantified by numerical scales indlcallng ItS presence 

or absence and the number of clonic beats eliclted. 

The clasp-knife phenomenon is an example of autogemc inhibition manlfested by a 

steadily increasmg resistance to passive stretch of the 11mb. whlch suddenly releases alter a 

critical tension IS reached (Bl.!rke and Lance, 1973). It has been demonstrated ln lower limb 

extensors of the deceret)rate cat, and is dependent on muscle length and Initiai force (Burke 

et al, 1970; Aymer et aL, 1979). Findings ln the cat suggest that clasp-kmfe reflexes are 

mediated by non-spindle group Il, III and IV muscle afferents which are normally mhlblted by 
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tonie activity ln descendlng pathways (Aymer et al., 1979). Following upper motor neuron 

Jesions, clasp-knile reflexes may be released Irom descending inhibitory control (Burke et al., 

1972; Rymer et al, 1979). Cllnical scales have been used to note tt'e presence or absence 

of these reflexes. 

Other cll",cal tests evaluate dlsturbances in voluntary motor actlVity due to spastlcity. 

The electromyogram can be used to qualitatively analyze motor functlon ln terms of the 

temporal patterns of muscular activity du ring functionaJ tasks such as locomotion or blcycling 

(Knutsson and Richards, 1979). Measures such as functional scales (e.g. Barthel Index. 

Mahoney and Barthel, 1965) are also commonly used. Su ch measures 01 overall motor 

performance are, however, difficult to interpret with respect to the quantification of abnormal 

muscle tone, as there is usually sorne degree of paresis or paralysis associated wlth 

spasticity. 

2. Physlologleal Measures of Spastlelty 

Early studies of spasticity attempted, unsuccessfully, to quantify the separate 

contributions 01 reflexogenic and non-rellexogenic factors to abnormal muscle tone. Non-re­

flexogenic factors are defined as the passive reslstan~e offered by spastlc muscles to jOint 

displacement d ... e to muscle rheologic factors (inherent stiffness of muscle flbers) alone (Long 

et al., 1964; Nashold, 1966; Norton et al., 1972). Only recently has a method been developed 

to separate the passive properties Irom the reflex components of the stretch response in man 

(5inklaer et al., 1988), but if has not yet been applied to pat:ents wlth spasticlty. 

More reliable approaches use torque- or servo-motor controlled limb dlsplacements. 

These studies have focused on the quantification of the reflex behaviour of spastic muscles, 

largely due to exaggerated short and long-Iatency stretch reflexes (Chan et aL, 1979; Gottlieb 

et aL, 1978). Analysis of stretch reflex activity provides information abOut mono- and 

polysynapttc segmental and propriospinal pathways. Stretch reflex parameters are changed in 

hemlplegic spasticity. Thresholds are decreased (powers et al., 1988), while reflex mag­

nitudes are increased in terms of peak-to-peak amplitude, area and durations {Berardelli et 



1 

1 

29 

al., 1983; Hale and Chan, 1986a; Dichgans and Diener, 1987). Althoygl1 the magnitude of 

stretch reflexes have been reported to be broadly correlated with the severity of spasticity 

(Berardelli et al., 1983; Cody et al., 1987), this relationship has not been convincingly quan­

tified and presented. The stretch reflex response is dependent on the initial muscle length 

(Burke et al., 1970), the velocity of stretch (Burke and Lance, 1973) and the level of 

background EMG (Powers et al., 1988). Caution should be employed when interpreting 

changes in stretch reflexes evoked at rest, since the excitability of the population of moto­

neurons may not be at a uniform level. To avoid this possible source of variability, moto­

neuronal excitability could be brought to a constant level by requiring the subject to maintain 

a steady contraction. This, however, would preclude the study of stretch reflex threshold 

changes. Thus, although stretch reflexes are increased in spaslicity, these changes must be 

interpreted with caution. As weil, their relationshlp to the seve nt y of climcally measured 

spasticity is unclear. 

Hoffmann (H) reflexes are related to phaslc reflex activity and reflect the excltabllity of 

the motoneuronal pool via the activation of the presumed m:mosynaptic stretch reflex arc 

(Hoffmann, 1918; Schiepatti, 1987). At least the first compone nt of the soleus H reflex is 

believed to be monosynaptic, but polysynaptic inputs from the activation of group lb, Il, and 

cutaneous afferents can also influence the waveform and magrutude of the response (Burke, 

1983; Burke et al., 1983, 1984). Furthermore, the volley eliclting H reflexes in the calf is not 

limited to the activation of the afferents in the tibial nerve. It hilS al 50 been shown to excite 

afferents from the intrinsic muscles and skin of the foot (Burke et al., 1983). The H reflex in 

the calf has traditionally been accepted as the electrical equivalent of the Achilles tendon 

jerk. There are, however, important differences in the electricéllly and mechanically evoked 

reflexes. H reflexes in the calf are inhibited when the ankle is passively dorsiflexed, whereas 

tendon jerks are enhanced (Burke et al., 1983J. In addition, percussion of the Achilles tendon 

gives rise to a dispersed volley in soleus afferents whlch can IJegin 35-7.0 msec followillg 

percussion and last up to 30 msec. The percussion wave can spread to synerglst and an­

tagonist muscles, as weil as the skin (Burke et al., 1983). In contrast. the alferent volley ln 

-------------------------------------------------------
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response to electrical stimulation is more synchronous and the spread of the current is limited 

(Burke et al., 1983). Thus, H reflex es and tendon jerks are neither entirely equivalent nor 

exclusively monosynaptic. 

ln normal individu ais at rest, H reflexes can be evoked consistently in the ca" 

muscles (Magladery and McDougal, 1950), quadriceps (Magladery et al., 1951), masseter 

(Godaux and Desmedt, 1975), extensor digitorum Iongus (Deschuytere and Rosselle, 1971) 

and sorne of the intrinsic muscles of the hand and foot (Thomas and Lambert, 1960; Upton 

et al., 1971). Whereas H reflexes have been repeatedly elicited in the tibialis anterior in 

patients with upper motoneuron les ions (Teasdall et al., 1952; Hohmann and Goodgold, 1961; 

Mayer and Mawdsley, 1965), they are rarely present in normal adults at rest (Deschuytere 

and Rosselle, 1971). 

H reflex testing is susceptible to a large number of methodological influences. When 

used alone, they display a wide inter-subject variability and low reliability. Methodological 

issues contributing to this variability include: electrode placement, the anatomical distribution 

of sensory and mater fibres in the nerve being stimulated, the amount of subcutaneous tissue 

(Hugon, 1973; Ashby et al., 1974), and changes in baseline EMG level (Verrier, 1985). Other 

factors such as attention, affect, and the position of the subject (Paillard, 1955; Mayer and 

Mawdsley, 1965), as weil as the degree of agonist and antagonist contraction or stretch 

(Magladery et al., 1951; Angel and Hofmann, 1963; Burke et al., 1983), also contribute to the 

variability of the H reflex amplitude. Therefore, attempts have been made to normalize H 

reflexes as HlM ratios. The maximal H reflex is expressed as a percentage of the maximal M 

response thought to represent the activation of the total motoneuronal pool and has been 

used as a more reliable measure of segmental motoneuronal excitability (Paillard, 1955; 

Landau and Clare, 1964; Ongerboer de Visser et al., 1989). In hemiplegic spasticity, HlM 

ratios are increased (Garcia-Mullin and Mayer, 1972; Ashby and Verrier, 1976: Hale and 

Chan, 1986a) although a large variabilUy in this measure too, has been reported (i.e. 4.4% to 

85.5% in 21 chronic hemiplegic patients: Garcia-Mullin and Mayer, 1972). Sorne studies 

have also shown a considerable overlap of the values obtained in spastic and normal lirnbs. 
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Therefore, their use as a measure of motoneuronal excitablhty has been dlsputed However, 

sorne of this variabllity may be due ta the effects of age on HlM ratios (Delwaide, 1971, 

Ongerboer de Visser et aL, 1989). Bath normal and spastic sublects show a slgniflcant 

decline ln HlM ratios with Increasing age. In normal subjects, HlM ratios reportedly decrease 

from a mean of approximately 80% at age 25 to 40% at age 75 (Ongerboer de Visser et al , 

1989). Thus, aside from methodological considerations, controlhng for age should Increase 

the rehabllity of this measure. 

The amount of the H reflex inhibition dunng Vibration, expressed as a percentage of 

its control value (Hvib/Hctl), has been used as an Indicator of the amount of presynaptlc 

inhibition of the presumed monosynaptic stretch reflex arc (Glliies et al, 1969). However, 

some caution IS recommended in the interpretation of Hvib/Hctl ratios as a measure of 

presynaptic inhibition alone (Burke et aL, 1976; and see discussion ln section (III) Presynaptle 

Inhibition). In spastic hemiplegic subjects, vlbratory inhibition of the H reflex IS reduced 

compared to normals. This finding is interpreted by some investlgators to mean that presyn­

aptic inhibition may be diminished in spastiClty (Delwaide, 1971; Burke and AShby, 1972). AI­

though Hvib/Hctl ratios may be partial indicators of the arnount of presynaptic inhibition, they 

have been found to correlate only poorly with the degree of spasticlty (Hayat, 1979). 

The above measures describe changes ln segmental and plurisegmental reflex 

pathways during static conditions or at rest. Other physiologlcal measures examlnlng Interneu­

ronal pathways Include flexor reflelfes and H reflex recovery curves, condilloned by homony­

mous and/or heteronymous afferent input. Not surprislngly, none of thf.se measures 01 statie 

reflex function correlate very highly with the degree of clinically measured spasticlty, possibly 

reflecting the more dynamic nature of the disorder. Indeed, measures of slatic reflex function 

alone provide liUle information about the extent to whieh changes ln excltabihty 01 spinal clr· 

cuitry affect everyday functional activity. Due to the diverse manifestations of upper motor 

neuron lesions wlth spastlcity, recent Investigators favour the use of multiple Indicators whlch 

assess climcal, reflex and voluntary function simultaneously (Dlmltnjevlc et aL, 1983, Del­

waide, 1985). 
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Attempts to correlate spasticity with functional activity have likewise met with little 

success. This may be partly due to the heterogeneity of the spastic populations studied and 

the lack of comprehensive investigations. Some aspects of impaired voluntary motor function 

in spasticity have already been discussed (see section on Voluntary Motor Function). Here, 

the studies relating the deficit in voluntary function to the level of spasticity will be reviewed. 

One of the features distinguishing the activation of spastic muscles has traditionally 

been the presence of an abnormal arnount of co-contraction. Co-contraction normally occurs 

du ring movements requiring precision or made at high velocities with heavy loads (Bouisset 

and Lestienne, 1974; Patton and Mortensen, 1971). In sorne patients with spasticity, however, 

an abnormal degree of co-contraction has been found du ring both isometric (McLellan and 

Hazan, 1982) and isotonic movements (McLellan, 1977; Knutsson and Martensson, 1980). 

McLellan (1977) recorded the electromyograms frem the quadriceps and hamstring muscles 

du ring active and passive cyclical knee flexion and extension movements. He found that most 

patients with mild to moderate spasticity showed little or no co-contraction during voluntary 

movement. Co-contraction was expressed as the area ratio of the EMG recorded when the 

muscle acted as antagonist to ils activity when acting as agonist. Ratios in quadriceps were 

elevated in ail 11 patients with spasticity (mean ratio approximately 48%) compared to normal 

(17%), but the se values were not derived from movement performed at equal velocities. The 

effects of oral baclofen was contrasted with placebo in 6 patients. Co-contraction ratios were 

found to decreas~ in only half of the patients, despite a significant reduction in passive 

stretch reflexes and spasticity in ail six. Thus, ahhough spasticity was decreased, the 

amelioration did not appear la be related to an improvement in volunlary knee function in ail 

subjects. 

Complex behaviours such as bicycling (Benecke et aL, 1983) and locomotion 

(Knutsson and Richards, 1979; Fung and Barbeau, 1989) have also been studied, in an 

attempt to correlate the degree of spasticity with functional impairment. In one study, three 

categories of disturbed gait in hemiparetic subjects were classified according to the patterns 

of movement and muscle activation. The authors found that differential response to therapeu-
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tic interventions may be related to the type of motor disturbance (Knutsson and Richards, 

1979). Using a dynamic index of spasticity, however, Benecke et al. (1983) and Fung and 

Barbeau (1989) recently reported the OppoSltP. finding. The dynamic index, which expressed 

the ratio of integrated EMG in a pre-determined 'off' window (when EMG is usually sllent) of 

the normalized bicycling or gait cycle, to that in an 'on' window, was sensitive to improve­

ments in spasticity following the administration of diazepam, and cyproheptadine respectively. 

Furthermore, dynamie indices du ring bicycling were correlated with the seventy of spasticlty in 

62 spastic patients (Beneeke et aL, 1983). This index appears promising as a means of 

evaluating functional improvement during rhythmical movements in spastic pat:~nts. 

ln summary, evaluation of ~pasticrty has traditionally foeused on hyperactive mono­

and polysynaptic reflex activity in the resting state, which addl'esses only one aspect of this 

multifaeeted phenomenon. Both statie and dynamic reflex activity and voluntary muscle 

activation are clearly disturbed in hemiplegic spasticity. To date, however, only a few studies 

have correlated the se abnormalities with the seve rit y of clinically measured spasticity. The 

lattp.r would be desirable, especially in establishing the eHectiveness of various pharmacologic 

and physiotherapeutic treatment regimes. 

Despite the numerous investigations of reflex and voluntary motor function, the 

underlying mechanisms of spasticity remain controversial. Some clues may be derived from 

an understanding of the mechanisrns underlying the relief of spasticity by therapeutic 

intervention. 

PROBLEM FORMULATION 

It is clear that the phenomenon of spasticity is complex and probably multifactorial. 

For exarnple, it is characterized by bath 'positive' symptoms, such as hyperactive reflex es 

and co-contraction, and 'negative' ones, such as weakness and Ioss of dexterity (Burke, 

1988). One of the principal problems in understanding spasticlty is that, to date, nerther the 

cat nor the primate model adequately reflect the disorder in man. Furthermore, studies of 

spasticity in man raise other concerns. For example, measures used in the characterization of 
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spasticlty range from the properties of motor umts to polysynaptlc reflex es to rhythmical 

movements such as galt. Several of the se measures are clearly changed ln spasticity, and an 

examination of their deviatlon trom normal provides Inslghts into the underlying mechanlsms 

of the dlsorder However, the research in spasticity has also revealed a large variablilty ln 

responses and, in some cases, contradictory flndlngs. One source of vanablhty may be due 

to the study of heterogenous patient populations wlth ellologles ranglng from amyotrophlC 

lateral sclerosis to brain tumours, ail havmg some signs of 'spasticity' However, the pattern 

of hypertonlclty and weakness may vary depending on the site of the leslon. 

ln spite of the large variabihty of responses and the" otten inconslstent correlation 

with the severity of spasticlty, reflex and voluntary measures have, nevertheless, been used 

to measure the effects of therapeutie Interventions on spasticity. However, "ttle attention has 

been paid to the" reproduClbility, an issue that is particularly important when assesslng the 

effects of treatment over a period of days or weeks. A brief overview of the treatment of 

spastlclty is glven in the next section. 

MOdlflablIIty of SpaStielty 

Methods intended to reduce spasticity include pharmacological, surgieal and physio­

therapeutic treatment. Manipulation of muscular and/or cutaneous penpheral afferent input 

has been used to retraln motor pathways (Rood, 1956; Bobath, 1978). Indeed, low threshold 

afferent conditioning has been found to modulate ongoing rnotoneuronal activity through 

segmental, propnospinal and/or supra spinal pathways. For example, low-intensity electrical 

stimulation of the mec1ian nerve inhibited the la mediated excitation ln ohgo-synaptlc pathways 

du ring vOluntary wrist flexIon (Malmgren and Pierrot-Deseilligny, 1988a,b). Similarly, low 

threshold afferent activation by vibration has been shown to augment voluntary power in 

paretlc and normal muscles (Hagbanh and Eklund, 1968). A reduction in spastlclty is reponed 

following low-threshold afferent stimulation applied directly over antagonlstic muscles 

(Duchenne, 1855; Levine et al., 1952; Alfieri, 1982; Vodovnik et al., 1984) or remotely over 

the dorsal columns of the spinal co rd (dorsal column stimulation; Nashold and Friedman, 
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1972; Cook and Weinstein, 1973) An improvement ln spastlclty and voluntary motor control 

may also be achieved by a decrease ln afferent input, such as a temporary nerve block wlth 

local anaesthetic, or local cooling of the spastlc muscle (DlmltnJevic and Nathan, 1967, Knuts­

son, 1970b). 

Several mechamsms hav~! been proposed to explaln these elfects. Flrslly, presynap­

tic inhibition could be involved, gl''Ien the extensive convergence of descendlng palhways and 

of la, lb and cutaneous afferents on common presynaptic Inhibltory mlerneurons (Baldlssera 

et al., 1981; Bnnk et al., 1984) Furthermore, Foreman et al (1976), studymg the tnhlbllory 

effects of rlorsal column stimulation on spinothalamlc tract neurons ln anaestheltzed monkeys, 

suggested that it may be acting via a presynaptic inhibitory rnechanism They demonstrated 

dorsal root potentials concurrently wlth Inhlbltory postsynapti<; potenltals ln bolh hlgh and low 

threshold spinothalamic tract neurons. If, indeed, presynaptic inhIbItIOn 15 decreased ln spas­

ticity (Ashby and Verrier, 1976), then enhancmg low-threshold atterent Input, as ln dorsal 

column stimulation, may be one way of 'switching on' presynaptic inhlbltory mechamsms. 

Secondly, plastiC changes can account for sorne of the reported changes ln certam 

cases, the reductlon of spasticity by repetltive electncal stimulation appeared 10 be long-last­

ing. For example, Alflen (1982) reported that spastlclty conllnued to Improve wlth repeated 

(5 - 16 daily, 10 mIn treatments) stimulation of antagomst muscles. Also, the resulls of dorsal 

column stimulation suggest that the improvements develop slowly over Irme and may outlast 

the period of stimulation (Siegfried et al., 1978). The possiblhty of the occurrence of plastic 

changes in reflex pathways is reinforced by several findings of adaptlve plasticlty in the CNS 

For example. the vestibulo-ocular reflex, once thought to be 'hard-wlred', can be modlfled 

following 2-3 weeks of alfered vision conditions (Melvill Jones, 1983) Simllarly, H reflex 

amplitudes in monkeys can be altered by 2-3 months of classical condltlomng, resulllng ln 

what appear to be permanent changes in spinal cord responsivity (Wolpaw, 1987: Wolpaw 

and Lee, 1989). Finally, plastic mechanisms may be implicated, since the tlme course of the 

changes in motor function and spastlcity following treatment are consIstent with tha! needed 

for the development of sprouting ln the CNS (Murray and Goldberger, 1974; Hultborn and 
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Malmsten, 1983). 

Transcutaneous electrical nerve stimulation (l'ENS), a non-invasive alterent stimula­

tion technique simllar ta dorsal column stimulation, has also been observed ta affect spasticity 

and voluntary motor control According ta clinical reports, TENS reduced subjective spastlcity 

and improved bladder function ln multiple scleroSls patients awaitmg Implantation of dorsal 

column slimulators (Frednksen et al., 1986). Ir, ~eed, TENS may be acting via mechanlsms 

similar to dorsal column stimulation. There is sorne evidence that TENS may be enhancmg 

presynaptic inhibition. ThIS was suggested by our previous ftndlng of a sigmficant Increase in 

the amount of vibratory inhibition of the H reflex in spastic hemiparetic subjects following ntne 

daily, 30 min TENS applications to the low back (Hale and Chan, 198Gb) These flndings also 

suggested the possibility of plastic changes due to the slow tlme course of the treatment 

effect. Lastly, TENS may trigger the release of inhlbltory neuromodulators For example, 

TENS has been reported to release inhibitory neuromodulators or opioids in the cerebrospinal 

fluid and blood plasma of normal and pain patients (Almay et al., 1985; Salar et al, 1981). 

Thus, TENS may be acting via an augmentation of presynaptic inhibItion, plastiC changes, or 

the release of inhibitory neuromodulators. The latter may account for the delayed onset and 

prolonged effects observed for pain relief during and following TENS (Fredriksen et al. 1986; 

Chan and Tsang, 1987). 

Ta date, the few studies investigating TENS do not fully descnbe Its concurrent 

effects on spastlcity, reflex and motor function. Indeed, a more comprehenSive approach IS 

needed. Thus, these studies were aimed at elucidating the effects of single (immediate) and 

repetitive (Ionger-term) applications of TENS on spasticity, reflex function and motor control in 

a homogeneous group of hemiparetic subjects. However, before studymg the effects of TENS 

applied over a period of several weeks, preliminary studies were designed to address the 

problems of the reliability of and correlation between these measures The IIrst study 

exammed reflex responses and is described in Chapter 2. The purposes of this study were 

three-fold. The first aim was to compare an aggregate of reflex responses of the lower 11mb 

between spastic hemlparetic and normal subjects. These findings should provlde insights into 
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the underlying mechanisms of spasticlty by elucidating the possible dlfferences m the orgamzallOn of 

segmental reflex pathways The second goal was to examine the reliablhty of the rellex measures ob­

tamed from the same group of hemiparetlc subjects on dlfferent days These results should help 10 

determine whlch measures could confidently be used 10 compare the effects 01 treatment over lime. 

e g. several weeks. The Ihird goal was to correlate Ihese measures wilh chmcal spastlclly 10 belter 

undersland the relatlOnship between the dlfferent reflex pathways. The second paper, Chapter 3. 

examined the same issues with the added dimenSion of a measure 01 volunlary lunction namely. 

Isometric ankle plantarflexion and dorslflexion in the functlonal position of standing This COJld help to 

elucldate the relatlOnshlp between reflex and voluntary pathways m spastlclty 

Once the reliablllty and characteristics of the measures were estabhshed, we undertook two 

further studles to elucidate the modlflability of spasticlty in hemlparetlc patients, as a result 01 

manipulating somatosensory input The focus is on the use of low-intenslty, hlgh-Irequency TENS 

which has been shown by our previous study to excite large diameter fibres (Levm and Chan, 1988) 

Chapter 4 reports on the third study undertaken to elucidate the mfluence of one (45 mm) application 

of TENS on hemlparettc spastlclty. The goals of thls study were three-Iold The ftrst goal was 10 

examine the possible changes ln stretch reflex excitability followmg one application 01 TENS The 

second aim was to map out the time course of these changes. The Ihlrd objective was to delermme 

the role of segmental versus non-segmental mechanlsms mvolved ln medlating these changes 

The final study, descnbed in Chapter 5, examined the effects of longer-term TENS (after 15 

dally, 60 min treatments) on spasticlty, reflexes and voluntary control m hemlparetlc sublects This 

study investigated whether repetltive TENS would lead to a reductlon in cllnical spasllclty A second 

goal of the study was 10 dis.:.over whether this reductlon was assoclated wlth a decrease ln stretch 

reflex excltability and an improvement ln vOluntary motor funcllOn 

The last chapler, Chapter 6, provides a summary of the studles and thelr malor ftndtngs ln Il. 

the conclusions are relterated and the contributions to onginal knowledge are indicated. 
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CHAPTER 2 

DISORDERS IN SPASTIC HEMIPARESIS: 

1. CHARACTERISTICS OF REFLEX RESPONSES. 
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SUMMARV 

The underlyin~ pathophysiology of the dlsturbed reflex functions in spastlclty tS poorly 

understood. The present study was thus aimed at elucidatlng the possIble dlfference~ ln 

segmental reflex functlOn between spastlc and normal states The second alm was 10 

examine the rehability of Ihese measures ln spastic hemiparetic subJecls 10 delermlne whlch 

ones could confidently be used to chart the effects of treatmenl over lIme The thlrd alm was 

to correlate the posslbly altered reflex function wlth spasticity, ln order 10 dehneate chnlcally 

meaningfui physiological measures. This was achieved by companng an aggregate of lower 

limb reflexes between ten spastic hemiparetic and seven normal subJects Lower 11mb retlexes 

examined were HlM ratIos, HVlb/Hctl ratios and the soleus stretch reflexes (SR) ln terms 01 

latency, area and duration. Our results showed that, firstly, H and SR latencles were shorter 

(p<O 05), and reflex amplitudes were significantly greater (HlM ratIos, p<O 05, SR/M areas, 

p<0.005) in spastic ~ubjects Secondly, HlM ratios, Hvib/Hctl ratios, SR/M areas and SR 

onset angles showed high reproducibility. Thirdly, only some physiologlcal measures showed 

consistent but non-signiflcant relatlonshlps wlth chntcal spastlclty The flndlngs of decreased 

reflex latencles and Increased reflex responses in the hemiparetic subjects suggested thal the 

underlylng mechanisms of spasticlty may be related to reduced reflex thresholds These 

physiological measures, together with clinlcally assessed tone, were both valld and reproducl­

ble when the same patients were tested on separate occasions Therefore, the y can be used 

to evaluate the long-term effeets of pharmacologieal or physiotherapeutlc treatmellt Results 

of the correlation al study between physiological and clinical measures further indlcated that 

the severity of spasticity may not be fully descnbed by statle reflex measures alene 
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INTRODUCTION 

The presence of spasticity is often one of the principal factors affecting the rehabiltt­

ation of patients suffering from upper motor neuron lesions, such as cerebrovascular 

accidents (Wayloms et aL, 1973) According 10 the tradillonal Vlew, spasllclty IS due 10 

hyperactlvlty of the stretch reflex arc mamfested by a velocity-dependenl Inerease ln tome and 

phaslc stretch reflexes, sornetimes aecompanied by elonus (Lance, 1980) 

1 he multiple manifestations of this neurological d.sorder have been measured 

clinrcally and neurophysiologlcally, in order 10 descnbe how the mtegrity OT \anous segmental 

and plurisegmental pathways may be altered in the spastic state. Indeed, many researchers 

now agree that no single measure IS an adequate descnptor of spastlclty They therefore 

purport the use of aggregate measures to descnbe concurrent changes ln dIverse palhways 

(Ashby and Verrier, 1976; Dimitrijevic et al., 1983; Delwaide, 1985). For instance, clinical 

measures could be employed in patient evaluation to assess the reslstance to passive 

displacement of the Iimb (Ashworth, 1964) and changes in functlonal activlty (e g. Bobath, 

1978). More objective neurophysiological measurements provide quantItatIve indicators of 

alterations in segmental pathways (e g. H ret/exes, tendon jerks, stretch reflexes, vlbratory 

inhibition of monosynaptic stretch reflexes; Dlmitrijevic and Nathan, 1967, Ashby and Verner, 

1976), inter-segmental pathways (e.g. irradiation of stretch reflexes, flexor rdtlexes, Dlmitrrjevic 

and Nathan, 1968; Dimitrijevic et al., 1983) and long-Ioop reflex palhways (e 9 functional 

stretch reflexes; Chan et al., 1979, Verrier et aL, 1984). 

Mapping of these reflex changes may provide more insight into the pathophyslologlcal 

mechanisms underlying spasticity. To elaborate: H reflex and tendon jerk amplitudes are In­

creased with respect to maximal M responses recorded ln the spastlc muscle These fl'1dlngs 

suggest that excltablhty in the monosynaptic stretch reflex arc IS enhanced ln hemlpleglc 

spastlcity (Angel and Hotmann, 1963; Ashby and Verrier, 1976). ThiS enhanced excltabihty, 

according to sorne microneurographic findings, cannot be aunbuted to increased muscle 

spindle activity (Hagbarth et al., 1973, 1975; Burke, 1983; however, Szumski et aL, 1974). 
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Nonetheless, the magnitude 01 the short-Iatency stretch reflex and ItS rate of Increase Wlttl 

increasin!) veloclty 01 stretch was lound ta be augmented ln spastlclty (Burke and Lance, 

1973, Berardelh et al, 1983; Powers et al., 1989) Another observation was the dlmmlshed 

inhibition 01 the H reflex amplitude dunng Vibration of spastlc muscles It IS thought to relleet 

reduced presynaptic mhibltion on la fibres ln the spastlc state, though addltlonal contnbutmg 

lactors are recognlzed (Delwalde, 1971, BurKe and Ashby, 1972, Burke et al, 1976) 

Furthermore, exteroceptlve polysynaptic (flexor) reflexes were reported to be altered ln 

spasticity and thelr Irradiation was olten observed chnlcally (Dlmltnjevlc and Nathan. 1968, 

Dimitrijevlc et al, 1983). This can probably be attnbuted to dlsrupted descendlng control 01 

transmission through the flexor reflex allerents (FRA; See revlew ln Chapter 1) Undoubtedly, 

certain reflex measures are changed in spasticity when compared to normal c.ontrols Yet, a 

comprehensive neurophyslologlcal profile, based on concurrent measures 01 actlvlty ln va nous 

pathways has yet ta emerge. Evaluation of concurrent changes may glve us better Inslghts 

into the pathophysiology of spasticlty. This became the flrst objective of the present study 

The reproduclbllity ('If these measures is an important Issue, especlally when they are 

used to assess the results of a given treatment over a penod of weeks or months ln a 

preliminary study, we examined the reproduclbillty 01 cllnlcal spastlclty scores and H reflex 

measures, on two separate occasions, in a small group of hemlparetlc and normal sublects 

(n=3 each; Hale, 1987). Spasticity scores, HlM ratios, and the amount 01 vibratory inhibition 

of the H reflex (Hvib/Hctl) showed very high inter-session conslstency wlth r=û 9, 1 Û and 1 0 

respectively. The second goal of thls study was ta extend these Ilndlngs to a larger popula­

tion. 

It appears, however, that Isolated reflex measures do not adequately relleet the 

seve rit y of clinically measured spasticity. Indeed, rather poor correlations have been reported 

to date, between elinical measures of tone and the magnitude 01 stretch reflexes For 

ex ample, in a series 01 84 spastlc patients, Delwaide (1985) lalled to Imd a systematlc 

relationship between clinically measured spasticlty (Ashworth scale) and physlologlcal 

measures of myotatic reflex arc excitablhty (HlM ratio, vibratory :nhlbltlon 01 the H reflex, and 
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H reflex recovery at 100 ms). The amplitude of the stretch reflex in the wrist (Cody et aL, 

1987) and ankle (Berardelli et aL, 1983) were reported to be correlated with tone. However, 

as pointed out by Cody et al. (1987), there was considerable intersubject variability and 

important exceptions, which further complicated meaningful interpretation of these findings. 

Thus, the third goal of the study was to correlate the activity in various reflex pathways with 

the severity of clinically mea!lured spasticity. 

To reiterate, the objectives of our study were three-fold. The first aim was to compare 

an aggregate of Iower limb reflex responses between spastie hemiparetic subjects and normal 

age-matched controls. These findings should provide insights into possible differenees in the 

organizatlon of segmental reflex pathways between spastic and normal states. Our second 

aim was to examine the reproducibility of these reflex measures obtained in the same group 

of hemispastic subjects on different days. The results should help to determine which 

measures could confidently be used to examine the effects of treatment over time, e.g. 

several weeks. The third aim was to correlate the reflex activities with elinically measured 

spast icity , in order to dchneate clinically meaningful physiologieal measures. A c.ompanion 

paper focuses on these same issues with regard to reflex and voluntary motor function in the 

Iower extremity of a similar group of spastie hemiparetic patients. Sorne of these data have 

previously been published in abstract form (Levin and Chan, 1989). 

METHODS 

SUBJECTS 

Ten patients with spastic hemiparesis (mean age = 56.2 ± S.D. 13.5 years) and 7 

age-rnatched normal subjects (mean = 63.0 ± 14.7 years) participated voluntarily in the 

study. Of the normal subjeets, three were female and four were male. Ali patients had 

spasticity in the lower extremity, a minimum of 10° of passive ankle dorsiflexion, no history of 

a previous stroke or other neurologleal dlsorder, no pain in the lower extremity, and no major 
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sensory impairment. They were ambulatory, and followed a stable pharmacological reglme 

where applicable. Subjects were advised as to the nature of their participation and gave their 

informed consent. 

Demographie data for the hemiparetic and normal subJects are presented in Table 

together with separate scores of the three clinical measures of spasticity and thelr "spasticlty 

scores" (by simple addition). The three clinical measures were measured white subJects were 

comfortably seated. They were recorded in the following manner: 1) Achilles tendon jerks 

were scored using a widely applied 5-point scale, where '0' denoted 'no response' and '4' 

indicated 'maximally hyperactive response'. 2) Resistance to full-range passive ankle 

dorslflexion at a moderate speed was scored on a modified 5-point Ashworth Scale 

(Ashworth, 1964). Since this measure most closely represents 'tone' (Berardelli et al., 1983), 

it was doubly weighted. Thus, a score of '0' indicated 'no reslstance', and a score of '8' cor­

responded to 'maxil'J'lally increased resistance'. 3) Clonus was scored on ,ll 4-polnt scale. 

where '1' indieated 'clonus not elicited' and '4' represented 'sustained elonus'. This evaluation 

was earried out to provide a composite (albeit subjective) Index of spasticlty. Based on our 

clinical experience, the computed 'spasticity scores' ranging from 0 to 9, 10 to 12 and 13 to 

16 corresj)Onded to 'mild', 'moderate' and 'severe' spasticity respectively. 

EXPERIMENTAL PROTOCOL 

Four of the normal subjects and ail of the hemiparetic subJects were tested on at 

least 3 to 5 different days, with an interval of one week between sessions. The remainder of 

the normal subjects were tested once. Test battery consisted of the clinical evaluation as 

described above and three physiological measures. The latter Involvecl recording the. 1) 

maximal amplitude of the H reflex as a percentage of the maximal M res~nse, termed here 

the HlM ratio (Hoffmann, 1918; Schiepatti, 1987); 2) the amount of inhibition of the H reflex 

during vibration, expressed as a percentage of the control H reflex amplitude (Hvlb/Hctl); and 

3) the excitability of the soleus stretch reflex (SR) in terms of latency, du.ratlOn and magnitude 

(SRIM area). 
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Table 1. Demographie profile of hemiparetic and normal subjects 

Composite Spasticity Score 

No. Age Sex Etiology Time ATR Resist- Cionus Spast- Degree 
sinee ance icity of 
in jury score" spast-
(mos) icity 

Normal Subjects 

1. 72 F 
2. 64F 
3. 64M 
4. 72 F 
5. 71 M 
6. saM 
7. 30 M 

Mean- 63.0 
5.0.'" 14.7 

f 
";It,. 

tiemi~aretic Subjects 

1. 67 F l.CVA 56 1 2 1 4 mild 
2. 48F R.CVA 11 4 2 1 7 mild 
3. 49 F L.CVA 26 2 4 3 9 mild 
4. 43M L.CVA 7 3 4 3 10 moderate 
5. 67 M R.CVA 22 3 4 3 10 moderate 
6. 67 M R.CVA 37 4 4 2 10 moderate 
7. 75 M L.CVA 15 3 6 2 11 mode rate 
8. 31 M R.CVA 24 4 6 3 13 severe 
9. 57 M L.CVA 50 3 7 4 14 severe 
10. 58 Mb R.Trauma 15 4 8 4 16 severe 

Mean= 56.2 26.3 
5.0.= 13.5 16.5 

• Spasticity score: 0-9 = mild spasticity 
10-12 = moderate spasticity 
13-16 = severe spasticity 

b Subject on stable regime of anti-spasrnodic medication (Dantroline Sodium) 

ATR = Achilles tendon reflex 
l./R.CVA = leftlright cerebrovascular accident 
F/M = female/male .. 

.... 
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SUBJECT FIXATION 

Subjects reclined in a comfortable semi-supine position on a specially adapted 

treatment table (Fig. 1). Their thigh and ca" were strapped inlo adjustable sandsplint casts, 

so that Ihe knee was fixed at 30° flexion. The foot was attached to a footplate held in the 

neutral position (Hugon, 1973). The fixed posHion of the knee and ankle ensures Ihat: 1) thz,l 

the two-joint gastrocnemius muscle is relaxed, thus minimizing possible contributions Irom Ils 

afferents onto the soleus motoneuronal pool (Hugon, 1973). 2) The inHial ankle angle was 

constant. The latter precaution reduced possible contributions from joint and muscle afferent 

stimulation consequent to changes in initial (soleus) muscle length (Brunia et al., 1973). The 

axis of the ankle joint was aligned with the axis of rotation 01 the foolplate (Inman, 1976). 

Ankle joint angles were monitored ane recorded wHh a custom made electrogoniometer 

(Beckman 5311 potentiomeler, R5K L.S) which was mounted on Ihe same axis. 

STIMULATION PROCEDURES 

H rellexes. H reflexes in the soleus muscle were elicited according to the procedure 

described by Hugon (1973). One msec square-wave pulses were dehvered at 0.1 Hz via a 

cathode (a 2 cm Medi-Trace FC-26 surface electrode) placed over the posterior tibial nerve in 

the popliteal fossa, and an anode (a 20 cm2 tin plate) positioned superior to the patella lor 

selective stimulation of the nerve trunk (Hugon, 1973). For each stimulus intensHy investi­

gated, 10 consecutive responses were collected and averaged on-II ne by a laboratory 

developed program written for the POP 11/23 plus computer. The intensity of the stimulation 

was gradually increased to record maximal H reflexes, termed here 'H, lollowed by maximal 

M responses ('M'or Mmax) The mtensity was then decreased to register control H reflexes 

(Hell) which were set at approximately 30% 01 the Mmax across ail subjects. This procedure 

ensured that similar motoneuronal pools were being accessed by the stimulation, and that 

both increases and decreases in the excitability of the H reflex could be observed. 
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Fig. 1 Experimentai set·up. Subjects reclined on an adjustable table with the knee and ankle angles 
fixed by postenor splints. See text for a full explanation. 
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Vibration. The effects 01 vibration of the Achilles tendon on control H reflex ampli­

tudes were investlgated by applylng a vlbrator (Lmg Dynamlcs 101) on Ihe skln al a ngl1l 

angle to the inlerior thlrd of the Achilles tendon. Vibration wlth a maximal amplitude 01 2 mm 

was applied al 100 Hz 10 prelerenlially acllvate la alterent fibres (Hagbarth, 1973, Burke et 

al., 1976; Desmedt and Godaux. 1978, Roll et al. 1989). However contnbutlons Irom the 

activation 01 cutaneous and other muscular afferents cannol be completely avolded (Burke el 

al., 1976). Following a one-minute accommodation period, dunng whlch the response 10 

vibration reached a steady state, 10 H rellexes were elicited and collected on·lIne. whlle the 

vibration was continued. After the cessation 01 vibration. H reflexes were momtored unlll they 

returned to at least 90% of the control value before continuing wlth the Axpenment 

Stretch Reflexes. To assess stretch reflex actlvlty evoked ln the soleus. the ankle 

was rapidly dorsillexed by a mechanlcal stretching devlce at a veloclty greater than 3600 /sec 

through a ramp 01 30· ThiS was done whlle subjects were glven the instruction "Do not 

intervene voluntanly" (Asatryan ana Feldman, 1965). The mechamcal slrelchmg devlce 

conSlsted 01 a footplate attached to an overhead bar by 50 lb spnngs, and a mechamcal slop 

which arrested ankle dorsiflexing movement at 10· past the neutral poSition 01 the lomt The 

procedure for evoklng stretch reflexes was as follows: The footplate and ankle were manually 

dlsplaced to 20· plantarflexlon pa st the neutral position and mamtalned lor 10 sec Dunng thls 

lime, soleus and tibialis antenor EMG were momtored on the oscilloscope The subjeCI was 

instructed to eliminate any active muscle contraction. When the background EMG was 

sufficlently quiet, the computer data collection program was tnggered and the loolplale was 

released 500 msec later. This was done ln order to have adequate basehne EMG for 

subsequent analysis. Movement beyond the expenmental range (past 10· dorslflexlon) was 

prevented by a chain connecting the distal end 01 the lootplate to the table To allow 

sufficlent recovery in the reflex pathways. at least 30 sec 01 rest was permltted between 

trials. In arder to ensure that the testing procedures remamed constant across days, we 

assessed the reproducibllity 01 the stretch perturbations presented to the sublecis The mean 



48 

velocities of these stimuli, delivered ta hemiparetlc subJects on flve separate testing seSSions, 

ranged 'rom 4502 ± 58.8°/sec to 511.0 ± 77 5°/sec. and were not significantly different across 

days (p>O.10). Mean maxImal displacements also did not dlffar across days (range = 31.4 ± 

2.20 ta 34.0 ± 360
; p>O 10). In addItion, there was no dlfference in the values obtained 

between normal and hemiparetic subjects (p>0.10). These findmgs thus demonstrated the 

conslstency with which the mechanical input was presented across dlfferen! sessions and 

subject groups. 

EMG RECORDING 

After preparing the skin, disposable silver-silver chloride surface eleclrodes (Medi­

Trace 1801) were positioned on the soleus and tibialis anterior muscles of the right (for 

normal subjects) or the affected (for hemiparetic subjects) lower extremlty. For soleus EMG, 

the electrodes were placed 3 cm apart, 4 cm bc:low the intersection of the medial and lateral 

heads of gastrocnemius and the Achilles tendon (Hugon, 1973). For tibialls antenor EMG. the 

electrodes were oriented longitudinally along the muscle bulk, 3 cm apart, 7 cm below and 5 

cm lateral to the antero-superior border of the tibia. A common reference electrode was posi­

tioned over the head of the fibula. Soleus and tibialis anterior EMG signaIs were ampllfted 

with a gain of 1.000 for H reflex and of 5,000 for stretch reflex trials. and flltered (10 to 500 

Hz) by Disa 15C01 amplifiers. They were then monitored on a storage oscilloscope (Textron­

IX R5115) belore being digitized at 2.000 and 1.250 Hz respectively for H and stretch 

ref/exes, and stored in a POP 11/23 plus microprocessor. In order to have adequate baseline 

values, soleus EMG activity was recorded for 200 msec following the H reflex stimulation. 

The EMG activity from the soleus and tibialis anterior muscles, as weil as the ankle dlsplace­

ment, were recorded from 500 msec before and up to 900 msec following the stretch 

perturbation. 
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DATA ANALYSIS 

H reflexes and M responses. Individual and mean peak-to-peak H reflex and M 

response amphtude values were calculated on-fine. Maximal M response areas were 

computed off-Iine, by rectlfylng and Integrating the M wave wlthin a wmdow, determmed from 

the response onset to ItS offset (the point at which the trace exceeded, or returned 10, 3 

standard devlations of the baseline). Smce EMG values can vary accordlng to skln prepara­

tion and electrode placement ln the same subject on different days, a means of normahzmg 

EMG amplitude and area values was sought. The maximal M response .s presumed 10 

represent the total motoneuronal pool activated by a maximal stimulus (Schlepatti, 1987) 

Assumir.g that recording conditions remain constant, it should display a strong intra-sesslon 

stability. EMG amplitude and/or area values were therefore expressed as ratios of the 

appropriate parameter of the maximal M response (Le. HlM amplitude. SR/M area) The 

amolitude of the H reflex during vibration was calculated as a percentage of the control H 

reflex amplitude (Hvib/Hctl). These normalizatlon procedures were do ne so thal mean values 

could be compared across subjects. 

Stretch Reflexes. Individual stretch reflex trials were analyzed off-line for lalency, 

onset angle, response duration, and area Trials were screened quahtatlvely prlor to inclUSion 

in the analysis, to elimmate those in whlch the subject intervened voluntanly or was unable to 

relax completely. Rejected trials Included those which had inappropnate tranSlenls ln the 

displacement trace or a large amount of background EMG respeclively EMG signais were 

tirst rectified and background baseline activity was removed. Figure 2 shows a typlcal stretch 

reflex trial. EMG latency was determined from the onset of dlsplacement (1 e when the 

displacement surpassed 2° or approximately 7% of total displacement), to the tlme when the 

EMG signal exceeded 3 standard deviations of the basellne value. The latency was then 

used to determine the onset angle from the displacement trace. Figure 2 also shows the 

duration of the stretch reflex, calculated trom the EMG onset (detlned above) to the tlme 

when the EMG returned to 3 standard deviations trom the baseline Fmally, the areas of the 
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Fig. 2. Typical stretch reflex responses recorded ln a normal subject (Ieft) and a spastic hemiparetic subject (rlght). 
From top to botlom: angular displacement of the ankle (dorsiflexion indicaled by upward deflection), soleus 
EMG, tibialis anterior EMG. The stretch rellex latencles were measured 'rom the onset of the displacement 
(open arrow in top trace) to the onset of the soleus EMG (open arrow in middle trace). Stretch reflex onset ~ 
angles were extrapolated from the displacement trace (filled arrows in top traces) at the point where soleus 
EMG activity began (open arrcws ln middle traces). The duration ot the so'eus stretch rellex was measured 
.rom the EMG onsea (open arrow) to EMG ollset (closed arrow) as shown ln the middle traces. 



1 

-. 

51 

soleus and tibialis anterior responses (when the latter were present) were calculaled by a 

computer algorhythm that determlned the maximal Integral of the EMG over the 150 msec 

following its onset. These were expressed as percentages of the maximal M response areas 

evoked ln the same muscles. 

Statlstlcal Analysls. HlM ratios, vlbratory inhibition of the H reflex and parameters of 

the stretch reflex were compared between the normal and hemlparetic group Non-paramelric 

statistics (Mann-Whitney U test) were used due to the non-homogenelty of varrances ln the 

two groups. Reproduciblilty of the data was evaluated by mterclass correlallon coeffiCients 

which take Into account the proportion of the vanance of an observation due 10 sublect-to­

subject variabi/ity (Fleis, 1986) Pearson's correlations were computed between the chnical 

and physiological measures of spasticity in the hemlparetic subjects. A signlflcance level of 

0.05 was used for ail two-tai/ed tests. 

RESULTS 

CHARACTERISTICS OF REFLEX RESPONSES IN SPASTIC HEMIPARETIC AND NOR· 

MAL SUBJECTS 

H reffexes. Figure 3 shows electromyographic reflex responses recorded ln one 

normal (Fig. 3, left column) and one moderately spastic hemiparetic subject (Fig 3, right 

column). Ten maximal H reflex responses (Fig. 3, first row) were ellclted, followed by len 

maximal M responses (Fig. 3, second row). In this example, the HlM ratios were 492% ln 

the normal and 88.2% in the spastic subJect. In Fig. 3 (thlfd row), recordtngs of the H reflex 

du ring vibration are superimposed on thelr control H reflexes. These ex amples rellect the 

extremes in the range of responses, such that the normal sUbJect had an HVlb/Hctl rallo of 

6.2%, while the hemiparetic subject had a much higher ratio (765%), denottng a markedly 

reduced amount of H reflex inhib~ion du ring vibration (but see Table Il below) 

The means of 10 responses (H reflex latencles, HlM and HVlb/Hctl ratios) for each 01 

the hemiparetic and normal subjects recorded ln one session are hsted 10 Table" H reflex 
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Examples of maximal soleus H ret/ex es (tirst row) , maximal M responses (second row) , 
and H reflex dunng vibration (third row) in one normal (Ieft column) and one spastic 
hemiparetic subject (right column). Maximal H reflexes were expressed as a percentage 
of the maximal M responses (HlM). For these subjects, the HlM ratios were 49.2% and 
88.2% respectively. H reflex responses during vibration are supeflmposed on control H 
reflexes in the third row of traces. These values were 6 2% and 7b.5% respectively in the 
normal and hemlparetlc subjects. An example of clonus eliclted by the H reflex stimulus 
is shown for the same subJect in the bottom trace. 
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Table Il. Reflex profile of hemiparetic and normal subjects 

Stretch Reflex (SR) Response Parameters 

H reflex HlM Hvibl Onset Onset Dura- SRIM 
latency Hetl latency angle tion area 

No. (msec) (%) (%) (msec) (deg) (msec) (%) 

Normal Subjects 

1. 30.2 23.3 50.0 70.0 30.0 48.0 2.9 
2. 26.7 42.1 49.3 66.6 31.4 79.6 42.0 
3. 30.9 51.S 6.2 63.2 34.0 44.5 15.7 
4. 31.0 35.3 55.5 72.4 29.8 53.4 19.5 
5. 32.2 21.1 79.3 45.6 20.1 77.6 32.0 
6. 31.0 68.1 14.5 44.7 30.1 58.6 12.4 
7. 30.0 53.6 72.1 77.6 30.1 40S 14.0 

Mean = 30.3 42.2 46.7 62.9 30.1 57.5 19.8 

l 5.0. = 1.7 17.0 27.3 12.9 4.7 15.5 13.1 
.j 

Hemil2aretic Subjeets· 

1. 28.0 100.0 27.4 34.S 14.0 58.8 62.0 
2. 28.4 65.9 40.0 42.4 15.5 61.8 25.0 
3. 29.4 83.8 34.5 30.1 8.6 71.7 46.0 
4. 28.2 17.5 17.4 70.5 32.1 49.3 27.0 
5. 25.5 76.5 33.3 45.0 12.4 76.0 48.0 
6. 31.0 50.9 81.9 85.5 23.1 63.4 41.0 
7. 27.9 16.4 55.3 37.6 7.0 99.5 46.0 
S. 28.5 7S.7 44.1 19.9 93.5 63.0 
9. 30.4 90.0 64.4 38.6 15.2 88.9 44.0 
10. 27.7 88.2 76.5 7.3 82.1 59.ù 

Mean = 28.6· 66.S· 47.9 47.6· 15.5" 74.5" 47.'" 
5.0. = 1.6 29.5 22.7 18.2 7.8 16.4 13.1 

• Subjects are listed in order of increasing spasticity as in Table 1 
• Mann-Whitney U test, p <: 0.05 
-- Mann-Whitney U test, p <: 0.005 

1 



l 

54 

latencies were shorter ln the hemiparetic subjects (p<O OS, U=148l, and HlM ratios were 

sigmflcantly increased (x = 668 ± S D. 295%, p<0.05, U=1.0, Mann-Whitney U test), when 

compared to the control group (x = 422 ± 17.0%). In contrast to the IndlVIdual responses 

shawn ln Fig 3 (thlrd row), the amount of vlbratory inhibition of the H reflex was not dlfferent 

between our normal and hemiparelic subjecls, posslbly due 10 the wlde range of responses ln 

both groups 

Stretch Reflexes Four parameters of stretch reflexes were measured latency, onset 

angle, duratlon, and SRfM area (Fig. 2). Figure 2 shows that SR latencles and onset angles 

were sigmficantly smalfer in hemlparetic than in normal subjects (compare the tlme between 

the open arrows ln Fig 2. A,B for latenCies, and the closed arrows for onset angles) As a 

group, the data trom Table 1/ shows that SR latencies were signiticantly shorter in hemipare­

tic (476 ± 182 msec) than normal subjects (62.9 ± 129 msec; p<O 05). Since latency and 

onset angle are hlghly correlated, it was not surpnslng that onset angles showed a Slmllar 

relatlonship. The duration of the stretch reflex was slightly longer in the hemlparetic patients 

(745 ± 16.4 msec) compared ta normal subjects (575 ± 15.5 msec; p=O 05) Finally. SR/M 

area values were significantly (p<O.005) larger in the hemiparetic (47.1 ± 13 1%) than the 

normal group (19.8 ± 13.1%). 

ln ail ten hemiparetic subjects, fast ramp stretch of the plantartlexors resulted in a 

shortening or Westphal reaction ln the antagomst tlbialis anterior whlch was conslstently seen 

on repeated testing da ys (Fig. 2, bottom right trace). These shortening reactions were also 

present in 4 of the 7 normal subjects. 

Three ot the 10 hemiparetic subjects had sustained clonus that was triggered by the 

stretch perturbation and, in one case, by the H reflex stimulus (Fig. 3, bottom trace). The 

frequency of this stretch-evoked clonus was in the order of 3 to 5 Hz. 
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REPRODUCIBILITY OF MEASURES 

Table III shows that a hlgh degree of inter-session consistency was found ln the 

measures from hemiparetic sUbJects tested on three separate occasions Cllnlcal rallngs of 

spastlclty (r=O 87), HlM ratios (r=O 94), HVlb/Hctl ratios (r=O 91) and SR onset angles (r=O 93) 

and areas (r=O.71) showed high reliablhty through Interclass correlation coefficients Stretch 

reflex lalencies (r=0.44) and durations (r=0.20), however, dld not demonstrate slgnlflcant 

day-to-day stabillty. 

CLINICAL CORRELATES 

Intercorrelations betweer. clinical and physiological measures of spasllclty are shown 

ln Table IV. Correlations were calculated on ail the measures recorded ln the same subjecls 

on three different days. For clarity, only the results of two analyses are presented ln the 

Table. Correlations equal to or greater than 0.63 and 0 71 were slgmflcant (p<O 05) respec­

tively for the first (top number) and second group of values (boltom number) From Table IV, 

Il is apparent that hlgh correlations between certain measures of spastlclty could have 

occurred by chance alone. For example, HlM ratios and Achilles tendon Jerks (ATR) were 

negatively correlated on one occasion (-0.35), but were hlghly posltlvely correlated on the 

other day (0.77). Therefore, only those vailles whlch showed consistency over two testlng 

days were considered to be meaningful. 

Our findings on the clinical measures of spastic:ty were that the seventy of cio nus 

varied with that of the resistance to passive stretch (r=O.82 and 065) Contrary 10 Iradltional 

expectations, another commonly used climcal Indlcator, the ATR, was not assoclated wlth any 

other measure. The total spasticlty score, denved from Simple addition of the three cllnlcdl 

measures, was more dependent ('ln the resistance to passive stretch and clonus Ihan on Ihe 

Achilles tendon reflex. 

Not surpnsingly, high correlations (0.90 and 0.92) were found between IWo physlologl­

cal measures of stretch reflex excltability (Iatency and onset angle). However, stretch reflex 

latencies showed only weak negative associations with other measures rE::Slstance 10 passive 

J 
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Table III. Reproducibility of spasticity and reflex measures recorded in the same group of 
spastic hemlparetic subjects on three different days 

Measures Day X 

Spasticity 10.4 (3.4)b 

HlM 68.9 (39.8) 
(%) 

Hvib/Hctl (%) 48.7 (25.0) 

SR latency (msec) 43.0 (9.7) 

SR onset angle 19.3 (7.1) 
(deg) 

SA duration (msec) 75.0 (26.8) 

SR/M area (%) 45.6 (18.5) 

& interclass correlation coefficient 
b 

SR 
deg 

• values are Mean l± S.D.) 
• stretch reflex 
• degree 

Day Y Day Z 

10.0 (3.3) 10.0 (3.4) 0.87 
n=10 

61.8 (34.9) 74.2 (39.6) 0.94 
n= 9 

55.8 (26.8) 46.9 (21.0) 0.91 
n= 7 

40.5 (9.4) 38.3 (10.5) 0.44 
n= 9 

16.5 (5.5) 17.6 (5.3) 0.93 
n= 9 

71.5 (14.5) 74.5 (14.7) 0.20 
n= 9 

41.5 (19.4) 41.8 (23.0) 0.71 
n= 8 
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Table IV. Correlation matrix between clinical and physiological measures 
of spasticity based on scores from two different testing days 

ln llsist- Clonus Spast- 1 I/H Ivibl SR SR SR 
allee icity rtflu letl onset onste dura-

lcon latlllC'f latency anqll tion 

(ISle) (') (') (uee) (dtç) (uee) 

Rasist- 0.41 
lIIel 0.36 

Clollus 0.25 0.82 
0.55 0.65 

Spast- 0.60 0.94 0.85 
icity· 0.65 0.89 0.86 

1 reflu 0.42 0.08 -0.08 0.32 
latency -0.03 0.51 0.05 0.16 

I/H -0.35 -0.06 0.01 -O.lB 0.32 
0.77 0.09 0.20 0.27 -0.45 

lvibl 0.31 0.48 0.23 0.42 -0.01 -0.3' 
let! 0.42 0.41 0.50 0.43 0.38 0.22 

SI. 0.13 -0.37 -0.16 -0.13 -0.20 -0.5' -0.3' 
latency -0.2' -0.5' -0.27 -0.41 0.13 -0.50 -0.01 

SI 0.20 -0.44 -0.06 -0.30 -0.13 -0.2B -0.36 0.90 
111911 -0.49 -0.55 -0.33 -0.51 0.01 -0.60 0.06 0.92 

SI -0.0' 0.59 0.41 0.47 0.09 -0.04 0.39 '-63 0.31 
daratiol1 -0.60 -0.31 -0.76 -0.53 0.11 -0.5' -0.58 0.32 -O. :1 

SR!K -0.45 -0.01 0.07 0.55 0.52 0.76 -0.16 -0.53 -0.:1 0.30 
0.55 0.6 0.44 O.U 0.11 0.75 0.44 -0.84 -O. :1 -0.55 

a Spe.sticity score = Achilles tendon reflex (ATR) + resistance + clonus 
See Table l 

SR = stretch reflex 
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stretch (-0.37, -0.54), HlM (-0.54, -0.50) and SR/M area ratios (-0.53, -0.84). Interestingly, 

SR/M areas varied significantly with HlM ratios (0.76, 0.75) and SR onset angles (-0.78, -

0.78). 

Although not statistically significant, clinical spasticity scores bOre fair1y consistent 

relationships only with Hvib/Hctl ratios (0.42. 0.43), SRIM areas (0.55, 0.46) and SR onset 

angles (-0.30, -0.54). 

DISCUSSION 

COMPARISON Of RESPONSES BETW':EN HEMIPARETIC AND NORMAL SUBJECTS 

ln spastic hemiparetic subjects, H ana :tretch reflex latencies were ~:-Iorter, HlM ratios 

and SR/M areas were greater and stretch reflex duralluii:; ""re longer th an in normal con­

trois (Table Il). Except for H reflex latencies, these relationships have previously been 

reported by separate investigators (AShby and Verrier, 1976; Berardelli et aL, 1983; Hale and 

Chan, 1986a). These results agree with previaus reports of enhanced motoneuronal ex­

citabllity in the spastic state (Angel and Hofmann. 1963; Plerrot-Deseilligny and Mazieres, 

1985; Schiepatti, 1987). 

Specifically, reduction of 11 and stretch reflex latencies cou Id be due to decreased 

reflex thresholds, leading to an earlier firin~ VI motoneurons (powers et al., 1988). These 

findings in the Iower limb muscles are consistent with recent reports in the upper limb 

muscles of spastic hemiparetic subjects (Lee et al., 1987; Powers et aL, 1988, 1989), al­

though the latter studies investigated only stretch but not H reflexes. Reduced reflex 

thresholds in spasticity may be due to several mechanisms (Burke, 1988). In the fûllowing 

paragraphs. two possibilities: 1) enhan~ed peripheral afferent input and 2) increased central 

motoneuronal drive, will be discussed. 

One can argue that the if1Credsed reflex activity in spasticity is due 1.> abnormal 

segmental afferent input such as enhanced fusimotor drive (Dietrichson, 1973). Abnormalities 

in some segmental pathways have been identified e.g. reci;>rocal inhibitory pathways 
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(Yanagisawa et al, 1976). However, there 15 mountlng eVldence to suggest that at least 

group la afferent mput to the spinal cord IS essentlally unaltered ln spa5tlclty Ttle latter 15 

based on Ilndmgs Irom a pnmate model of hemlplegla (Gllman et al, 1971. 197..t) and from 

mlcroneurographlc recordmgs in man (Hagbarth et al. 1973, 1975) 

An alternate explanation for hypertonla may be denved from the lambda hypothesis 01 

motor control elaborated by Feldman (1966, 1986) Accordmg to thls hypothe5lS, a 511111 ln the 

average restlng membrane potentlal 01 alpha motoneurons. caused by a net Increase 111 

descending excitation (central command), wou Id resul! ln the earher activation 01 moto· 

neurons Such a shlft m restlng membrane potentlal could lead to lowered H and stretch 

reflex thlesholds whlch could account for ail the changes descnbed ln thls study ln support 

of thls interpretatlon, Powers et al. (1988, 1989) proposed that Increased motoneuronal 

excltability (Iowered threshold) rnay have been the mechantsm responslble for the steep 

velocity dependence of the stretch-evoked EMG activlty ln mlMlly Inactive human spasllc 

elbow flexors. Assumlng a lowered motoneuronal threshold ln spastlclty, H reflexes cou Id 

have shorter latencles, smce the motoneurons cou Id be ree·"1Jlted earller by the èleClrtCal 

stimulus, and the response could be larger due to recrUitment of more moloneurons 

Simllarly, stretch rellexes could occur at a shorter mltlal muscle length, resultlng ln a 

decreased stretch reflex latency and a reduced onset angle As weil, more motoneurons 

could be recrurted at a shorter length, causing an mcrease ln the EMG response (SR/M 

area). An increased after-discharge due to a malntamed stimulus, and/or a tendency to more 

asynchronous firing, could contnbute to the prolongation of the stretch reflex m spastlclty 

This hypothesis lor the changes m reflex responslvlty ln spastlclty warrants further Investiga­

tion 

ln contrast to previous reports (Delwalde, 1985), the amount 01 vlbratory Inhibition 01 

the H reflex was not dlfferent between the normals and our group of hemlparetlc pallents ln 

normal subjects, inhibition of the soleus H reflex has been reported to be maximal when a 2 

mm amplitude vlbratory stimulus of between 80 and 100 Hz is apphed to the homonymous 

Achilles tendon (Desmedt and Godaux, 1978). Using these parameters 01 Vibration, the 
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inhibition of the H reflex IS belreved to be pàrtially mediated by presynapt,c Inhlb,tlon of the la 

terminais (Gilhes et al, 1969, Burke et aL, 1976) Thus, our find,ngs of a lack of dlfference 

between groups could ,nd,cate that our pat,ents d,d not have a def,elt ln presynapltc mh,bltory 

processes. An alternate expia nation could be that the dlfference was not apparent, due to the 

high inter-subject vanabllity of our samples. 

REPRODUCIBILITY OF MEASURES 

The highly consistent c/intcal spasticity S<Y.lres, HlM ratIo. vlbralory Inhlb,tion of the H 

reflex. and SR/M area measures shawn in Table III, may reflect both the reproduc,b,hty of our 

expenrr.ental parad'gm as weil as the chromelty of our patient populat,on Our results and 

those of our previous study (Hale, 1987) thus Ind,cated that these measures are valld and 

rel/able indicators of Sp?Sllcity ln hemiparetic subjects. Consequently, they can be used ta 

assess the effects of treatment interventions repeated over days or weeks However, soleus 

stretch reflex latency and duration did not appear to display hlgh reproduclblhty across testmg 

days (Table III) Although care was taken to ensure that subJects remained completely 

relaxed throughout the testing session by monitoring the background EMG. the vanatlon ln 

anse! lalency could be attnbuled 10 differenl degrees of restmg moloneuronal excltabilily ln 

the same subjects on d,fferenl testing days (Lee et al., 1987; Powers et al 1988, 1989) ln 

order 1o brlng ail of the motoneurons to the same level of excltabihty. subjects could have 

been required to actively contract the soleus muscle ta a pre- determ,ned percentage of 

maximal voluntary force (Lee et al., 1987). However. this would, in facto preclude the 

poss,b,lity of measunng threshold changes. Our results and these cons,deratlons suggest that 

Inter-session changes ln stretch reflex latencies and duratlons measured ln relaxed subJects 

Should be interpreted with caution. 

The stretch reflex onsel angle appeared to be a more stable indicator of stretch reflex 

excitab'hty, as '1 showed a correlation of 0.93 acrOS5 three testing sessions (l able III). This 

may possibly be explained by the fact that th~ calculation of the anset angle depended only 

on the determinat,on of the onset of EMG activity. The latency calculaI/on, however, was also 
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dependent on the onset of displacement and thus, took ,"10 conSlderallOn the rrse tlme as a 

function of the velocity of the displacement (see Fig 2) 1 he posslbllrly thal elther onset 

measure may have been correlated wlth the total displacement, veloclty or accelerallon 01 the 

perturbation was not investlgated ln the present study. 

CLINICAL CORRELATES 

Some correlations were found between stretch reflex excltabllrty, vlbratory Inhibition 01 

the H reflex and the cllnlcal assessment of spastlclty, but many 01 these were non-slgnlhcant 

(Table IV). These correlational data are consistent wlth prevlously reported Ilndlngs on H 

reflex es and thelr modulation by vibration (Ashby and Verner, 1976, Hale and Chan, 1986a) 

Stretch reflex amplitudes in the relaxed hmb have been correlated wlth tone measur-

ed at the ankle (Berardelll et al, 1983), and at the wnst, (r=O 77, COdy et al. 1987) 

However, our results showed that stretch reflex areas correlated only weakly wlth the 

spasticity score (0.55, 0 46: Table IV). This flndlng suggested that thls measure alone dld not 

adequately represent cllnrcally assessed tone Although not slgnlflcantly related ta spastlcrty, 

stretch reflex areas (SR/M) were hlghly correlated with the amplitude of the H reflex (HlM) 

This observation suggested that the magnitude of these two reflexes may, to a large extent, 

be determ,"ed by reflex excltabllity Involvlng similar segmental pathways 

The stretch reflex onset angle also showed a conSistent, If not slgnlflcant. relatlonshlp 

with clinlcally measured reslstance ta passive stretch (r=-0.44, -0 55) This frndlng agreed wlth 

the recent report of a broad negative correlation between reflex threshold and chnrcally 

measured tone (powers et aL, 1988). However, stretch reflex onset angles showed a mu ch 

stronger correlation with stretch reflex areas (r=-0.78, Table IV) This IS ln keeplng wlth the 

suggestion of lowered stretch reflex thresholds rn spasllclty Lowered thresholds could 

account for both the earlier onset of the stretch reflex and the recrultment of more moto· 

neurons resultrng irl a larger response 

The weak correlation between reflex and cllnlcal measures was not surprrSlng ln· 

deed, if spasticity can be attributed ta a decrease in stretch reflex threshold, a more ngorous 
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clinical measure of this parameter must be designed. None of the three clin/cal measures 

commonly in use is particularly sensitive to threshold changes. Rather, they are more indica­

tive of response magnrtudes. These results pointed to the need for more speclfic clinlcal 

testlng to be developed. 
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CHAPTER 3 

DISORDERS IN SPASTIC HEMIPARESIS: 

Il. MAXIMAL VOLUNTARY CONTRACTIONS IN STANDING. 
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SUMMARY 

The underlying pathophysiology of the disturbed reflex function and motor control in 

spasticlty is poorly understood. In spite 01 this, measures of reflex and vOluntary motor 

function are olten used to mvestigate the effects of long-term therapeutlc Intervention ln the 

control 01 spasticlty ln this study, reflex and volunlary EMG and force measurements trom 

the lower hmbs were compared between thirteen spastlc hemlparetic and seven normal 

subjects. In addition, the reproduclbility ot the measures and their correlation w/lh cllnlcal 

spastlcity manilested ln the hemiparetlc subjects was also Investigated H and stretch reflex es 

were tirst ellclted ln the calf. Then, subjects were required 10 generate maximal Isometnc 

plantarflexion and dorslflexion lorce ln the standing position. The results showed that maximal 

agonrs! EMG areas and torces were slgniflcantly decreased in the affected leg of hemlparetlc 

subJects Dunng dorslflexion, agonist EMG and force were decreased to 39% and 33% of the 

non-affected limb respectively. For plantarflexion, agonist EMG was 63% 01 the non-atfected 

leg while force was decreased to 59%. Measures 01 maximal and mean force, lorce onset 

and dorslflexion co-contraction ratios were highly reproducible (r==0.78 to 0.99), whlle raw and 

normalized EMG area measures were less reliable. Good correlations were lound between 

the degree of clinically measured spasticity and the lunction 01 the dorsiflexors on the 

aftected s.de (r=-0.65). The decreased torce of the dorsiflexors was related even more 

~trongly to the amount of co-contraction (r=0.91), but not to the hyperactive ref/exes in the 

calf. The high reproduclbllity of the lorce measurements suggested that they could be used to 

evaluate the effects 01 therapeutic intervention over time. The lindings also suggested that in 

hemlparetic subjects. the motor deficit ln the non-spastic dorSIf/exors was a reliable and vahd 

indicator of the seve rit V 01 spasticity. However, plantarflexion function and reflex measures in 

the calf were not. The changes ln voluntary and reflex functlon of the leg muscles suggested 

that the motor deliclt in spasticity may be related to altered descending commands. 
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INTRODUCTION 

Spastic hemipares:s resulting Irom cerebrovascular accidents may be assoclated wlth 

hyperactive phaslc and tonic reflexes, clonus, as weil as dlsordered sensory and motor 

lunction (Burke, 1988) The disorganized motor control ln spastlclty 15 typlcally charactenzed 

by altered electromyographlc actlvlty e.g. prolonged EMG recrUitment and derecrUitment 

pattems, as weil as abnormal agonlstlantagomst co-contraction (Conrad et al, 1985, 

Hammond et al, 1988a,b) Desplte extensive investigation, the onglnS 01 these motor dellclts 

remain controversiaL They may result from impalred suprasplnal control (central command) 01 

spinal interneurons. Alternatively, they may be due to hyperactive stretch reflexes, Indepen­

dent of central vOluntary commands. The hypothesls that the central command may be 

altered ln hemiparetic spasticity is supported by flndlngs of abnormal co-contraction ln flexors 

and extensors 01 the upper extremlty dunng Isometnc lorce tracklng tasks (McLellan et al, 

1985). Since the spastlc muscles were not stretched under Isometnc conditions, the reported 

motor deficlt may not have been related to excessive stretch reflex actlvlty On the other 

hand, there IS eVldence to suggest that hyperactive stretch reflexes could also be partly 

responslble lor movement deflclts relatmg to unlarticular motor actlvlty at the knee (McLellan, 

1977) and ankle (Corcos et aL, 1986) joints, as weil as multlartlcular motor control su ch as 

bicychng (Benecke et aL, 1983) and galt (Knutsson, 1970a, Knutsson and Richards, 1979, 

Fung and Barbeau, 1989). 

A previous study focused on the measureme'" of segmental reflex funcllons medlated 

pnmarily by muscle stretch receptors (Levin and Chan, 1990a) Measures of segmental and 

plurisegmental stretch reflex es generally correlate poorly wlth the seventy 01 chmcal spastlclty 

(AShby and Verrier, 1976; Lee et al., 1987; Hale and Chan, 1986a, Lev," and Chan, 1990a) 

Measures of reflex function are signllicantly Increased ln spastlclty, yat these measures alone 

provide !illie Information about the ongms 01 the dellclts ln voluntary motor control Slnce the 

presence of spastlclty is often assoclated wlth disordered motor control, a more comprehen­

sive approach would be to use multi-system measures (Dlmltnjevlc et al, 1983, Delwalde, 
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1985). These measures could simultaneously assess reflex as weil as voluntary function. 

Furthermore, measures of spasticity are often carried out without attention to their reliability, a 

matter that must be addressed when assessing the effects of long-term pharmacological and 

physiotherapeutlc intervention (but see Oelwaide. 1985; and Levin and Chan, 1990a). 

Having resolved these questions for reflex measures in spastlcity in the previous 

paper, we turned our attention to voluntary motor functions. Our objectives were three-fold. 

The first aim was to examine the underlylng pathophysiology of the disturbed voluntary motor 

control. This was done by comparing EMG and force measurements of the Iower extremity 

du ring maximal isometric voluntary contractions between spastic hemiparetie and age­

matched normal subjects in the functional position of starlding. The second aim was to 

examine the reliabllity of these measures. The third aim was to correlate aspects of voluntary 

motor activity wlth clinically measured spastieity on the one hand, and reflex function on the 

other. The correlation data will help to delineate elimcally meaningful physiologieal measures 

of spastieity. The latter results could provide some insight into how changes in stretch reflex 

exeitability may affect voluntary motor control. 

METHODS 

SUBJECTS 

Thirteen patients with spastie hemiparesis (mean age = 59.1 ± S.O. 13.6 yr) and 

seven age-matched normal subjects (mean age = 63.0 ± 14.7) participated in the study. 

Criteria for inclusion of the hemiparetic subjects were the same as those outlined in the 

previous Chapter. Ali subjects were glven details about the nature of their participation before 

signing an informed consent form. 

Demographie and clinical data for the spastic hemiparetic subjects are presented in 

Table 1. Note that the clinical assessment of their spasticity consisted of the three commonly 

used measures already described in detail in the previous Chapter (Levin and Chan, 1990a). 
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Table 1. Demographie profile and clinical features of spastic hemlparetic subjects 

Time Spas- Degree 
since ticity of 

Subject Age Etiology in jury score" spas-
(yr) (mos) tlclty 

1. M 75 L.CVA 18 6 mlld 
2. F 49 L.CVA 27 9 mlld 
3. M 67 L.CVA 8 9 mild 
4. M 31 L.CVA 25 10 moderate 
5. F 76 R.CVA 43 10 moderate 
6. M 43 L.CVA 8 11 moderate 
7. M 67 R.CVA 23 12 moderate 
8. M 58 L.CVA 50 12 moderate 
9. M 57 L.CVA 85 13 severe 
10. M 73 R.CVA 26 13 severe 
11. M 67 R.CVA 37 13 severe 
12. M 58 R.CVA 16 15 severe 
13. M 47 L.CVA 11 16 severe 

Mean= 59.1 29.0 11.5 
S.D.= 13.6 21.2 2.7 

" The spasticity score is based on 3 clinical measures of spasticity: 
1) Achilles tendon reflex 
2) resistance to passive stretch 
3) clonus 

LIA. CVA • leftlright cerebrovascular accident 
F / M • female/male 
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EXPERIMENTAL PROTOCOL 

Normal subjects were tested once and hemiparetic subjects at least twice, one week 

apart. The test battery conslsted of five measures, four of which have been described in 

detal! in the previous Chapter (Levin and Chan, 1990a). Briefly, they involved recording: 1) 

the clinical score of spasticlty; 2) the maximal amplnude of the H reflex as a percentage of 

the maximal M response (HlM ratio); 3) the amount of Inhibition of the H retlex during 

vibration, expressed as a percentage of the control H reflex amplitude (Hvib/Hctl); 4) the 

excitability of the soleus stretch reflex (SR) in terms of its latency, response duration and 

magnitude (SR/M area); and 5) the maximal isometrie force generated by voluntary ankle 

plantarflexlon and dorslflexion in the standing position. 

For ail hemiparetic subjects, spasticity about the ankle joint was assessed at the 

beginning of each testing session. Subjects then practised making single sustamed, two 

second maximal isometric contractions in response to a response signal, which was preceded 

by a warning signal after a fixed brief interval (500 msec). In each ensemble of six trials, two 

'catch trials' were randomly interspersed. During a 'catch trial', no response signal was 

presented following the wammg signal, so that only baseline EMG and force were record­

ad. Since it was not known when the 'catch trials' would occur, subjects could not anticipate 

the response signal. Upon hearing the response signal, subjects made the appropriate 

muscular contraction as forcibly as possible. Most subjects required between 3 to 6 practice 

trials, to voluntarily generate contractions wlth consistent force profiles in terms of onset and 

the maximal force attained. Generally, more practiee trials were required for the affected than 

the non-affected leg in the hemiparetic subjects. Ali in ail, four dorsiflexing and four plantar­

flexing maximal isometric contractions were collected from the right leg of the normal 

subjects, as weil as from both the affeeted and non-affected legs of the hemiparetic subjects. 

Followlng the recording of voluntary contractions, reflex data were collected in the 

manner described in the previous Chapter. They were recorded last because the time 

conslJming procedure could have caused varying degrees of fatigue in our patients. Fatigue 

was closely controlled since it could result in variability of the maximal voluntary contractions. 
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Note that the duration of the entire testing protocol was approximately two and a ha" hours. 

SUBJECT FIXATION 

For the voluntary contraction task, subjects stood on a standing platform shown in 

Fig. 1. The platform had a fixed back support to which the subject's trunk was centred and 

secured by a wlde canvas strap. This procedure helped to ensure that the subJect's welght 

was equally distnbuted on each leg. Subjects stood wlthout shoes. 80th feet were f1xated by 

heel cups and velcro straps to aluminum foot plates 30.5 cm apart with ankle JOints ln the 

neutral position between plantar- and dorsiflexion (90·). The height of the standing platform 

was adjusted so that the ankle jOint aligned coaxially with the axis of rotation of the footplate 

(Inman, 1976). The foot plates were free to rotate due to fnctionless beanngs at each axis. 

Movemenl of elther plate could be prevented, however, by a transverse bar that fixed the 

footplate to a force transducer (see below) mounted below It on an Immovable platform The 

rigid steel bar transmitted compressive (plantarflexlng) or distractive (dorsiflexing) torque 

generated at the ankle to the force transducer Positioning the bar under the right or the left 

footplate allowed for independent evaluation of plantarflexion or dorslflexion force generated 

by either leg. 

Subjects then reclined in a semi-suplne poSition with the affected leg fixated in the 

manner descnbed in the previous Chapter, for eliciting soleus H and stretch reflexes (Levin 

and Chan, 1990a). 

EMG RECORDING 

After preparing the skin overlying the soleus and tibialis antenor muscles, disposable 

silver-silver chloride surface electrodes (Medi-Trace 1801) were applied. For recording the 

soleus EMG, the electrodes were positioned 3 cm apart, 4 cm below the intersection of the 

medial and lateral heads of gastrocnemius and the Achilles tendon (Hugon, 1973). For tlbialis 

anterior EMG, the electrodes were oriented longltudlnally along the muscle bUlk, 3 cm apart, 

7 cm below and 5 cm lateral to the antero-superior border of the tibia. A common reference 

electrode was placed over the head of the fibula. 
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For the vOluntary contraction trials, EMG signais were amphlled wlth J gain 01 5.000 

and flltered (10 to 500 Hz) by Disa ampllflers. They were mo lltored on a storage OSClllo 

scope (Textronlx R5115) belore bemg dlgltlzed (1,250 Hz) and stored on computer dlsks ln 

order to obtaln adequate basehne values, soleus E:MG, tlblalls anlcnor EMG, planlarllexlon 

and dorslflexlon force were recorded from 500 msec belere 10 2,000 mscc lollowlng the 

response signal 

EMG signais trom reflex measures were processed as descnbed ln the prtMOLJS 

Chapler (Levln and Chan, 1990a) 

FORCE RECORDING 

Compressive or dlstractlve forces applied to the footplate were transmltted by a ngld 

transverse steel bar to the force transducer (Lebow 3132) whose maximal range was ± 225 

kg. The signai from the 4 arm stram gauge (wheatstone bndge) of the load cell '1 IS ampllfled 

by a stram gauge condltioner (Daytronlc model 3170) Wllh a gain 01 10,000 and then 

sampled on-hne at 1,250 Hz by a POP 11/23 plus computer (Digital) Force data were .:on­

sidered proportlonal to torques, slnce for our apparatus, the distance from the aXIS of rotallon 

to the site of force recordmg was flxed for ail subJects regardless of the pomt of applicallon 

of the force. 

DAT A ANAL YSIS 

H rellexes, M responses and stretch reflex es were analysed ln the same way as 

previously descnbed (Levin and Chan, 1990a) 

Indivldual tnals 01 vOluntary contraction were analyzed off-line Analysls Included 

max.lmal and mean agonist and antagonlst EMG areas, maximal and mean force, force onset, 

and tlme to half-maxlmal force Tnals were screenf'd qualltatlvely pnor 10 Inclusion ln the 

analysis, to ellmmate those m whlch force d~ ... elopment was Inconslstent 

A speclally designed computer program was employed for the data aïlJlyslS Soleus 

and tibia lis antenor EMG were first full-wave rectlfled Thelr basehne actlvlty, obtamed dunng 
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qUiet standing was then removed. Figure 2 shows an example of typical EMG (top Iwo 

traces) and force records (bottom trace) reglstered du ring a vOluntary ankle plantarflexion 

(Fig. 2A) and a catch tnal during qUiet standing lor one normal subject (Fig. 28). The 

maximal and mean area Vé lues 01 the agonist (soleus) and antagonist (tibialis anterior) EMG 

response were calculated over a 500 msec window placed where the lorce attJined a 

plateau, as shown by the shaded areas in Fig. 2A. This time window was chosen for analysis 

instead of the dynamlc phase of force production, due to the high variabilily of the latter 

phase ln hemiparetic subjects. The plateau in the force recording usually included the 

maximal force obtained. However, some hemiparetic subjects could not maintain the maximal 

force on the affected leg fur more th an a lew milliseconds. 

Co-contraction ratios were calculated from the maximal agonist and antagonist EMG 

areas deflned by the above windows for active contraction (Fig. 2A) and for quiet standing 

(Fig 2~) It was recognlzed, however, that area and amplitude values of raw EMG signais 

may have varied between subjects and sessions according to skin preparation and electrode 

placement. Thus, individual EMG si~nals obtained on the same day were normalized by 

expressing the antagonist EMG area as a ratio of the total agonist plus antagonist EMG 

areas: 

Co-contraction ratio = Antagonist EMG area 
Agonlst + Antagonist EMG area 

This technique permltted comparison of data obtained on different days for each subject, or 

between different subjects. 

The force trace was further analyzed over the 500 msec window denoted in Fig. 2A 

to extract 1) the mean and maximal force, 2} the latency of the force onset, defined as the 

time lapse from the response signai to when the force exceeded three standard deviations 

Irom the basehne; and 3} the rate of force development, taken as the time from the onset of 

force to hall· maximal force. The hall-maximal instead of the m a>CI mal force latency was used 

since force development was olten quite prolonged in the affected leg of hemlparetic 

subjects ln some cases, it occurred later than the force plateau. Prior to recording, the force 

transdllGer was recalibrated to zero to eliminate the subJects' body weight. 
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A. Voluntary Plantarflexion B. Catch Trial 
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Fig. 2. Typical raw soleus EMG (upper traces). tibialis anterior EMG (middle traces) and 
force records (Iower traces) obtained dunng (A) voluntary isometnc ankle plan­
tarflexion. and (8) a catch trial ln one normal sub)ect. Dunng maximal voluntary 
contraction, mean EMG and lorce values were calculated over a 500 msec wlndow 
when the force attalned a plateau (shawn by the sh!3ded area ln A). This was do ne 
alter subtraction of basehne actlvrty computed lram a Simllar wlndow dunng a 
corresponding catch trial (shown by the shaded area ln 0). 
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Statlstlcal Analysls. Agonlst EMG and force dlstnbutions were determmed by 

constructing frequency hlstograms wllh appropnate class Intervals Compansons of data 

between the two sub/ect groups were made via two-tailed t-tests The reliabl1lty of the 

voluntary contraction force and EMG data was determined by Inlerclass correlation co­

effiCients CorrelatIons between clrntcal, phySlologlcal and EMG measures were computed by 

Pearson's correlation stahstlcs. A slgmhcance level of 0 05 was used for ail two-talled tests 

RESULTS 

COMPARISON BETWEEN NON-AFFECTED LEGS OF HEMIPARETIC SUBJECTS AND 

NORMAL SUBJECTS 

Examples of the raw EMG and force recorded dunng plantarilexlon ln the non-

affected leg of one hemlparetic subJect are shown ln Fig. 3A. Compare these values to those 

obtamed Irom a normal sub/ect, shown in FIg. 2A on a dlfferent scale The maximal plantar­

flexion force was 21 4 kg and 24 0 kg respectively for the non-affected and the normal leg ln 

fact. the ranges of forces and the rnean forces generated by the non-affected legs of the 

hemiparehc subjects were not different from normal controls for both plantar- and dorslflexlon 

These relatlonshlps are graphlcally deplcted in the histograms of Fig 4 and the values are 

hsted in Table Il For the normal and non-aHected legs, mean maximal forces were 29 14 and 

2571 kg respectively for the plamarflexion task, and 13.65 and 1036 kg respectlvely for the 

dorSlflexlon task However. the non-affected le9 did differ Irom normal sub/ecls in Iwo of the 

charactenstics measured 1) an IIlcreased amount of raw antagonlst EMG clmng plantar­

flexion but not dorslflexlon, and 2} a prolonged lime ta hall-maXimal force dunng bath tasks. 

COMPARI~ON BErWeEN NON-AFFECTED AND AFFECTED LEGS OF HEMIPARETIC 

SUBJECTS 

Given the ove rail simllarity between normal and non-affected legs, data from the 

hemlparetic subJects were compared to theïr ilon-affected legs, instead ot normal control legs. 
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Fig. 3. Typlcal raw soleus (upper traces) and tibia lis antenor (middle traces) EMG and force 
(Iower traces) records lor the non-affected (A,C) and allected legs (B,D) of one 
moderately spastic hemiparetic subject. Plantarflexing contractions are deplcted ln A 
and B, while dorsnlexing contractions are shown in C and D 
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This is because data comparison carned out among a matehed group of muscles havlng 

similar length and mass (non-affected and affected legs of the same sub)ects) IS more vahd 

than that among a non-matched group (hemiparetic legs in one group of subjects and legs 

from a dlfferent group of normal sub)ec.1s). 

Examples of raw agoni st and antagonlst EMG and force records obtalned !rom the 

non-affected and affected legs of one hemiparetic subject wlth moderate spastlclty are shown 

ln Fig. 3 A,B for the plantarflexlon task, and ln Fig 3 C,D for the dorslflexlon task Note the 

remarkable decrease ln the amount of plantarflexlon and dorslflexlon force on the Jffected Icg 

(Fig. 3 B,D), and the increased co-contraction during dorsiflexion (Fig 3D) when compared to 

the non-affected leg (Fig. 3C). 

These compansons showed that the group mean maximal force was slgniflcantly 

smaller in the affected than the non-affected legs, bemg 1505 and 25.71 kg respectively for 

plantarflexion, and 3.40 and 10.36 kg respectively for dorsiflexlon (Table If) ThiS relallonship 

is also depieted by the leftward shift towards reduced maximal forces generated ln the 

affected legs by both voluntary plantar- and dorsiflexlon m Fig. 4 A and B (II lied hlslograms) 

The temporal eharaeteristies of force production also showed abnormahtles ln the alfeeted 

legs Force onsets were prolonged for both tasks (Table Il) For plantarflexlon, the mean 

force onset was 369.9 ± 128.6 msee for the affeeted leg compared to 2828 ± 7253 msee 

for the non-affect~d leg (p<O.001). For dorslflexion, the mean force onset was 409 3 ± 199 1 

msee eompared to 280.9 ± 67.7 msec respectively for the affected and non-affected legs 

(p<0.001). Thus, force onsets were prolonged by 131% and 146% for plantarflexlon and 

dorsiflexion respectively. Lastly, the tlme to half maximal force was simllarly prolonged for 

both plantarflexlon (299.3 ± 678 msee compared te 209.3 ± 375 msec. 143%, p<O 001) and 

dorsiflexion (238.5 ± 2346 msec compared to 156.0 ± 762 rnsee; 153%, p<O 001) 

Co-contraction Ratios Durlng Voluntary Effort 

The affected leg of the hemiparetic subjects showed deereased agonist EMG 

compared to the non-affected I~g for both voluntary plantarflexlon (mean area = 51 2 ± 18 2 
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Table Il. Comparison of maximal voluntary contractions of the ankle muscles between the normal subjects 
and the non-affected and affected legs of hemiparetic subjects 

Normal controi leg Non-Affected leg Affected leg 
(n=20) (n=68) (n=85) 

Plantarflexion 

Agonist EMG 95.75 (36.52)NB 81.43 (28.97) 51.20 (18.15)· 
area (uV.s) 

Antagonist EMG 20.40 (1.91 ) 34.48 (25.05)·· 20.47 (14.01t 
area (uV.s) 

Co-contraction 21 '30 (7.00) 28.20 (8.00) 26.30 (9.00)" 
ratio (%) 

Maximal force 29.14 (8.51 ) 25.71 (10.05) 15.05 (6.90)' 
(kg) 

Force onset 268.10 (83.57) 282.80 (72.53) 369.90 (128.60)' 
(msec) 

Time to hait 111.80 (27.53) 209.30 (37.48t" 299.30 (67.84t 
maximal force 
(msec) 

Dorsiflexion 

Ayonist EMG 168.00 (119.90) 161.10 (46.30) 63.47 (33.88)' 
area (uV.s) 

Antagonist EMG 26.74 (25.59) 24.85 (8.64) 28.30 (21,43) 
area (uV.s) 

Co-contraction 
ratio (%) 

12.40 (5.00) 13.80 (5.00) 42.10 (26.00)' 

Maximal force 13.65 (6.04) 10.36 (3.22) 3.40 (2.90)* 
(kg) 

Force onset 299.60 (80.68) 280.90 (67.69) 409.30 (199.10)' 
(msec) 

Time to hait 79.89 
maximal force 

(28.71) 156.00 (76.16)" 238.50 (234.60)" 

(msec) 

NB •• Values are Mean t± S.D.) 

,. P< 0.001 compared to non-3ffected legs 
=, P< 0.05 compared to normal control legs , .. ,. P< 0.001 compared to normal control legs 
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uV.s compared to 81.4 ± 29.0 uV.s; 63%, p<0.001) and dorslflexion (635 ± 33.9 uV.s 

compared to 161.1 ± 46.3 uV.s; 39%, p<0.001, Table Il). Antagonlst EMG areas were also 

decreased for plantarflexion but remained simllar for dorslflexion Consequently, co-contraction 

ratios were unchanged during plantarflexion, being 26.3 ± 9 0% and 28.2 ± 8.0% respectively 

for the affected and non-affected leg (Fig. S, third histogram) However, they were markedly 

increased from 13.8 ± 5.0% in the non-affected leg to 42.1 ± 26.0% in the affected leg, that 

is, by 305% (p<O 001) during dorslflexion (Table Il and Fig. S, fourth hlstogram). This was not 

due to a difference in co-contraction ratios during quiet standing. Indeed, when the subject's 

'motor set' (Friedh et aL, 1984) was ta dorSlflex, there was no difference between co­

contraction ratios in the non-affected and the affected legs during qUiet standing (Fig S, lirst 

and second histograms). 

Figure 6 describes the relationship between the mean co-contraction ratios and 

maximal voluntary force for each leg and each movement direction. As expected, there was 

no relationship between co-contraction and maximal force elther in the non-affected or the 

normal control legs (not shown) for both tasks. However, a clear relatlonshlp eXlsted between 

these parameters in the affected leg of hemiparetlc patients du ring ankle dorslflexlon and IS 

depicted by the linear regression line in the figure (r=O 91). Thus, subjects wlth the largest 

co-contraction ratios generated the least dorslflexing force Indeed, three subJects who coul<.! 

produce only plantarflexion force when attempting ta dor~iflex the ankle had the highest co­

contraction ratios. These are deplcted as negatlve forces ln the figure. Desplte qUi te simllar 

co-contraction ratios du ring ankle plantarflexion (Table Il), greater forces were generated by 

the non-affected leg of the hemiparetic subjects than the affected leg (see also Fig. 6). 

Temporal Characterlstlcs of Force Generation 

Affected legs required more processing time ta generate maximal forces (Table Il). 

Furthermore, maximal forces were generally smaller than the non-affected leg for each 

movement direction. However, correlatlûml analysls revealed no relationship between the 



{ 

°/0 
100 

90 

80 

70 -

-
1 

60 

1 

r 
r-

50 

40 
i 
1 

r-30 
1 
1 

1 

l-

i 20 
1 
1 

1 
1 
1 

10 :-
1 

1 
1 , 

ù 

CO-CONTRACTION RATIOS-IN 
HEMIPARETIC SUBJECTS 

PF OF PF OF 

~ 

~ 
>< 
)( 
)( 
)( 
x' 

( >< 

:x 

i ~ ~ X 

~: ~ 
:-« ~ ~, 

>< 

~ K< X ~ K< >< >-
~ )c 

!)c ~ !> ~ Ï)c 

~ ~ 

~ ç V ~ 

Quiet Standi ng Maximal Contraction 

~ Non-affected leg _ Affected le9 

*antagonist I(agonist + antagonist EMG) 

80 

Fig. 5. Co-contraction ratios dunng quiet standing (Ieft) and maximal voluntary contractions 
(right) rn non-atfected (hatched bars) and aHected hemlparetic legs (filled bars). The 
amount of co-contraction was expressed as the ratio of the antagomstlagonist + 
antagonlst EMG here and ln Fig. 6. Note that the co-contraction, normally present at 
rest IS still apparent. but reduced. dunng isometnc contractions in both plantartlexing 
(PF) and dorsltlexlon (OF) directions. Compared to non-aNerted legs. co-contraction 
ratios were Increased dunng dorslflexlon ln hemlparellc legs. 
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Fig. ô. Relationships between co-contraction ratios and maximal force generated by voluntary 
ankle plantarflexion (PF) and dorslflexion (OF) in non-affected (+.0) and affected ( •• 
00) legs. The linear relationship (df=1 1. y=O.75 - O.09x, r::zO.91, p<O.05) between force 
and co-contraction ratios dunng dorslflexlon 15 deplcted by the solid hne. Tne graph 
shows that desplte qUite simllar co-contraction ratios, more force was generated by 
the non-alfected than the alfected legs 01 hemlparetlc sublects partlcularly dunng 
plantarflexlon. 
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processing Ume and the magnitude of force for plantar- and dorslflexion for elther the affected 

or non-affected legs A significant relationship did exist between force anset and the time to 

hait maximal force durrng dorsiflexlon (r=0.72, p<:O.OS) but not dunng planlarflexion {r=0.16}. 

Thus, the more rapld the anset of dorsiflexing force, the shorter the force development time 

REPRODUCIBIUTY OF THE PARAMETERS OF MAXIMAL VOLUNTARY CONTRACTION 

Our second aim was concerned with the reproduclbllity of the EMG and force data 

recorded ln the hemlparetlc subjeets. Parameters of the maximal voluntary contractions 

recorded on two dlfferent days dunng ankle plantarflexion and dorslflexian are shawn 10 Table 

III and IV respectively. Values for each parameter are the means of four trials recorded per 

session. For bath tasks in both legs, maximal and mean force recordings were highly stable 

with interclass correlation coefficients rang.ng from 0.78 to 0.97. Force onsel was also hlghly 

reproducible rn the aftected and in the non-affected leg, with respective values berng 0 79 

and 0.75 du ring plantarflexion (Table III), and 0.83 and 073 dunng dorSlflexlon (Table 

IV). The other temporal characteristic, the lime to half maximal force, however, was not 

rehable for plantarflexlon (0 21 for the affeeted and 0.23 for the non-affected leg; Table III) 

nor for dorSlflexlon ln the affected leg (057; Table IV). 

ln spite of the well-known cautions in comparing raw EMG area values recarded on 

difterent days, raw trbiahs anterior (agonrst) EMG areas were surpnsingly reproduclble during 

dorsiflexion, the r values bemg 091 and 0.77 respectively for the affected and non-affected 

legs (Table IV) Computation of the co-contraction ratios further ylelded a hlgh correlation of 

0.99 (Table IV) for dorslflexlon in the affected leg. In sum, measures of magnitude and timing 

of force generatlon by the same hemiparetic patients were highly reproduclble across days 

for both movement directions However, raw agonlst EMG area values and co-contraction 

ratios were largely stable only during dorsiflexion but not plantarflexion in the affected leg. 
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Table III. Reproducibility of maximal plantarflexlon force and EMG charactenstlcs recorded on two 
different days trom the aftected and non-affected legs of the same hemlparetlc sublects 

Affected Leg 

Day X 
Measure 

Maximal 13.1 (5.9t 
force 
(kg) r = 0.78b 

Mean 11.7 (5.6) 
force 
(kg) r = 0.87 

Force 387.0 (133.1) 
onset 
(msec) r = 0.79 

Soleuse 51.8 (17.5) 
EMG area 
(uV.s) r = 0.27 

Tibialisd 22.8 (13.6) 
Anterior 
EMG area r = 0.62 
(uV.s) 

Co-contraction 30.4 (12.6) 
ratio (%) r:: 0.53 

Time to hait 302.1 (120.2) 
maximal force 
(msec) 

• values are Mean <± S.D.) 
b interclass correlation coefficient 
C agonlst muscle 
d antagonist muscle 

r .. 0.21 

Day Y 

11.7 (6.1) 

10.7 (6.0) 

365.7 (183.2) 

54.2 (32.5) 

19.4 (12.7) 

25.2 (9.5) 

311.9 (95.5) 

Non-Affected Leg 

Day X Day Y 

27.0 (12.1) 26.1 (9.4) 

r.0.97 

25.5 (11.9) 24.4 (9.2) 

r • 0.95 

330.7 (92.8) 246.0 (74.0) 

r = 0.75 

76.0 (29.3) 81 2 (26.3) 

r .. 0.71 

28.2 (21.4) 40.5 (30.7) 

r.0.23 

26.4 (10.8) 31.1 (11.8) 
r = 0.16 

215.2 (52.8) 2130 (41 6) 
r.0.23 
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Table IV. ReproducibilHy of maximal dorslflexlon force and EMG characteristics recorded on two 
different days frofTl the affected and non-affected legs of the sa me hemiparetlc sublects 

Affected Leg 

Day X 
Measure 

Maximal" 
force 

5.2 (2.5)· 

(kg) r = 0.95b 

Mean· 4.5 (2.4) 
force 
(kg) r = 0.87 

Force· 369.3 (152.6) 
onset 
(msec) r = 0.83 

Tibialisc 48.6 (42.1 ) 
Anterior 
EMG area r .. 0.91 
(uV.s) 

Soleusd 25.7 (11.7) 
EMG area 
(uV.s) r .. 0.04 

Co-contraction 47.6 (33.4) 
ratio (%) r .. 0.99 

Time to hait 184.4 (311.1) 
maximal force 
(msec) r .. 0.57 

. does not include negative or zero .... ~Iues 
• values are Mean <± 5.0.) 
b interclass correlation coefficient 
C agon ist muscle 
d antagonist muscla 

Non-Affected Leg 

Day Y Day X Day Y 

4.4 (2.4) 10.6 (3.0) 108 (36) 

r = 0.92 

3.2 (2.0) 9.8 (2.9) 10.1 (3.7) 

r .. Q.94 

277.6 (57.7) 304.0 (89.1) 280.9 (64.7) 

r .. 0.73 

59.0 (46.5) 153.6 (44.2) 157.9 (384\ 

r .. 0.77 

38.0 (23.8) 25.9 (9.0) 22.1 (8.2) 

r .. 0.28 

47.9 (31.9) 15.1 (5.2) 12.4 (4.6) 
r - 0.53 

142.1 (153.3) 147.7 (69.1) 161.3 (95.6) 

r - 0.85 



) . 
85 

CLINICAL CORRELATES 

Intercorrelations between reflex meaSllres, parameters of maximal voluntary contrac­

tion and the degree of chnically measured spasticlty (Tables l, Il and V) were calculated for 

the two complete sets of data collet-:te"! !i\Jm the same hemiparetlc subjects on different 

days. Because high correlations amcng the various data may have occurred by chance 

(Levin and Chan, 1990a), only those relatlonships which showed sigmficant correlations on 

both testing days were consldered to be meaningful and are highlighted below. 

As prevlously re~orted (Levin and Chan, 1990a), the total spastlclty score showed 

consistent but non-signiflcant relationships with physiologlcal measures of reflex function. 

However, ln the affected leg, spasticlty in the plantarflexors w .. s significantly related to the 

abiiity of their antagonlsts, the pre-tibial flexors, to generate EMG and force dunng dorsi­

flexion. Speciflcally, It vaned inversely wlth the maximal dorslflexlon force (-065, p<O.05, Fig 

7A) and increased hnearly with increasin~ amount of co-contraction recorded in the agonisV 

antagonist muscle pair (068, p<O.05, Fig. 78). The findings suggesi that the greater the 

degree of spastlcity in the plantarflexurs, tne greater the degree of co-contraction ln the ankle 

muscles dunng dorsiflexlon and the smaller the dorslflexlng force Indeed, the degree of co­

contraction was als(l hlghly correlated with the maximal force generated by voluntary ankle 

dorslflexion (r=O.91, p<O.05; see also Fig. 6). In contrast, no relatlonshlp was found among 

spasticity, co-contraction ratios and maximal force du ring voluntary ankle plantarflexion in the 

affected leg. Nor was there a relationship between co-contraction ratio and maximal force 

during either task in non-affected legs of hemlparetic and normal control subJects. Moreover, 

parameters of maximal voluntary contraction of the dorsiflexors was not correlated with any 

reflex measures in the plantarflexors of the affected leg in hemiparetlc subjects. 
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Table V. Reflex and isometric maxImal vOluntary force prolile of spaslic hemiparetlc sublects 

Reflex Profile Maximal VoluntaQ! 
ContractIon 

Plantar- Dorsi· 
HlM Hvibl SR SR/M flexion 'Iexion 

Hetl onset area force force 
(%) (%) (msee) (%) (kg) (kg) 

----
1. 28.1 :!2.0 25.5 59.0 16.1 5.0 
" 100.0 17.0 41.0 60.0 16.7 7.3 Co. 

3. 17.2 99.4 58.9 35.0 10.7 4.2 
4. 100.0 51.~ 32.0 59.0 22.4 5.8 
5. 11.5 7·.i 37.2 98.0 10.4 7.9 
6. 21.9 21.8 39.8 13.0 28.9 1.4 
7. 100.0 15.8 53.5 66.0 23.8 6.4 
8. 94.2 74.5 28.5 53.0 9.5 1.2 
9. 100.0 89.1 35.8 65.0 3.1 0.0 
10. 50.7 30.4 29.9 85.0 12.4 0.0 
11. 89.5 64.9 34.1 61.0 13.5 4.4 
12. 26.3 90.1 31.3 28.0 10.5 1.2 
13. 100.0 87.6 31.5 92.0 17.6 0.0 

Mean= 64.6 56.7 36.8 59.5 15.0 3.4 
S.D.= 38.3 31.6 9.7 24.3 6.9 2.9 

SR = stretch reflex 
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DISCUSSION 

COMPARISON BETWEEN NON·AFFECTED LEGS OF HEMIPARETIC SUBJECTS AND 

NORMAL LEGS 

The morphologlcal and physlological properties of motor Unlts on the non-affected 

side of hemlparetlc subjects are not dlfferent from normal sUbJects (McComas et al, 1973, 

Sica and Sanz, 1976). This has lent justification to the use of non-affected limbs of hemlpare­

tic subjects as appropriate matched controls ln studles mvestlgatmg motor unit propertles 

(McComas et al, 1973) and gross motor behavlour (Lee et al, 1987, BourbonnaiS et al, 

1989). In our hemiparetic subjects, the a::tlvlty ln the non-affected plantarflexors and 

dorsiflexors did not differ from age-matched normals in terms of agonlst EMG areas, co-con­

traction ratios or the ablhty to generate maximal force (Table Il). Thus, we felt confident ln 

comparing the activlty of the affected legs wlth that of non-affected legs from the same group 

of patients. This was preferable to compansons wlth potenllally more heterogeneous IImbs 

from a different grollp of normal subjects. 

The non-affected legs did dlffer from normal legs ln demonstratmg a slgnlflcantly 

prolonged time to half maximal force during both voluntary ankle plantar- and dorSlflexlon 

(Table Il). This has been previously reported in the upper hmb by Hammond et al (1988b) 

However, slnce ail other parameters of force and EMG were simllar to normal (wlth the 

exception of antagonist EMG area during ankle plantarflexion). the delayed force development 

time may not have been related to changes in motor unit propertles m non-affected hmbs of 

hemiparetic pattents. An alternative explanatlon may be that the hemlparetlc leg was unable 

to provide adequé4te stabilization for rapld force generatlon on the non-affected slde dunng 

standing. Thus, deficits of postural stability ln stroke patients (Bobath, 1978, Horak et aL, 

1984) may weil have contributed to the longer recruitment limes 

CHARACTERISTICS OF VOLUNTARY CONTRACTION IN HEMIPARETIC LEG MUSCLES 

Changes in motor unit properlles in the affected limb of hemlparetlc subJects could 
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have contributed to the dlsordered motor functir,n (see below). However, changes ln the gain 

01 stretch reflexes dunr.g voluntary movement could also have contnbuted to the motor deflcl!. 

On th\) other hand, tne dr.creased agonlst recrUitment (39% of the non-affected leg; Table Il) 

and Impaired inhibition ûl antagonlsts (114% of the non-affected leg; Table II) in the dorsi­

Ilexors further suggested that descend mg commands m:.y be modifled m central spasticity 

Thus, alterattons ln motor unit propertles, stretch reflexes, and/or descendmg commands 

could ail have contnblJted to the motor deficlts in central spaf.tlcity Each of these consldera-

tions will r:ow be discussed in hght 01 the findings in our prf'sent study. 

Altered Motor ~nl~ ProJ)flrtles 

Alterations in motor unit properties, such a& the number ana types of remammg motor 

unlts as weil as changes in thelr discharge rates, may partially explain the altered voluntary 

lunction. At the motor unit level, the Interference pattern of the EMG is proportlonal, at least 

to the number 01 recrUited units and to their discharge rates (Fuglsang-Fredenksen et 

al, 1977, 1987). In hemlplegic !Jpastlclty, thefe is a selective loss 01 fast tWltch motor l'nltS 

predominantly Ir. antlgravlty muscles (Le. ankle plantarflexors, elbow flexors; Edstrom, 1970). 

The total number of functlOning motor units is decreased on the affected slde to 50% and 

57% of control values in the extensor digltorum brevis (McComas et aL, 1973) and the soleus 

muscles respectively (Sica and Sanz, 1976). Mean contraction times of the remamlng fast 

twitch motor units may also be slower in hemiparetic patients (Young and Mayer, 1982). 

These functlonal alterations, no doubl, help 10 explain our findings of decreased surface EMG 

and prolonged recrUitment tlmes They do not, however, adequately descnbe the changes in 

agonistlantagonist recruitment patterns. 

Hyperactive Stretch Renexes 

The activity in several reflex pathways is disturbed in spasticity and may be a factor 

contnbuting to the motor dcfici!$ (Burke, 1988). One such pathway is that mediatmg reclpro­

cal inhibition. Reciprocal inhibition from pre-tibial flexors to extensors is decreased in spastic 

• , 
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hemiparesis while .t .s marked Irom extensors to flexors (Yanaq/sawa et al. 1976) The laller 

finding may partly explam the pronounced weakness ln the dorSlllexor muscles 01 hemlpJretlc 

patients (Yanaglsawa et al.. 1976) The reported changes ln ree/procal mhlbltlon wou!d. In 

addition. argue for Increased co-contraction dunng plantarflex/on Dunng dorslflexlon. co­

contraction would be decreased ln fact, our Imdlngs suggested the opposite Cu-contraction 

was unchanged dunng plantarflexlon wh Ile It was markedly rncreased by 305% dunng 

dorslflexlon. Thus, It seems unllkely that changes ln reciprocal Inhlbilion alone could account 

for the motor deficlts in our subJects. 

Alterations in other segmental pathways may also contnbute to the dlsrupted motor 

control i" spasticlty. Measures of reflex lunetion are clearly Ir.:.-reased ln spastlclty (Delwalde. 

1985; I_evin and Chan, 1990a) The relallOnship between Increased refle..:as dnO arsordered 

motor control, however. IS unclear. Signiflcaflt correlations were not demonstrated belween 

these variables ln our hemlparetlc subjects or by other IIwestigators (e 9 Knutsson and 

Martensson, 1980; McLelian et aL, 1985). The soleus muscle was not stretched dunng 

isometric dorsiflexlon Thus, the co-contraction may not have been related to hyperactlvlty ln 

segmental pathways driven by peripheral afferents. Rather, these fmdmgs suggested that 

peripheral teedback mechanlsms may have been Impalred al the mterneL/ronal level 

It 15 generally agreed that measure5 of 5~gmental reflex excltablhly al resl may be 

poor indlcators of the amount of dlsruptlOn of vOluntary motor pathways (McLellan el al. 

1985). Stretch reflex gains are normally modulated dunng voluntarv movement (Marsden et 

aL, 1976; Toft et al.. 1989). Or,) explanation for the changed motor control ln spastlclty. may 

be abnormal or increased stretch reflex gains du ring volunlary movement (McLellan et al . 

1985). Recent eVldence, however, has suggested that whlle reflex gams ln spast/clty are 

indeed modifled dunng voluntary movement. they dJ not appear 10 dlffer from normal (Lee el 

al., 1987). 

Thus, the motor deflclt ln spasticlty may partly be due to altered reclprocal mhlbltory 

mechanisms. However, it is unlikely that It is related to the enhanced reflex actlVlty al resl or 

enhanced reflex gains dunng voluntary movement. 
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Changes ln Central Commands 

A coordinated theory of motor control suggests that movement is organized according 

to different combinations of either reciprocal or co-contraction commands originating from 

higher centres (Feldman, 1960a,b). This theory has received empirical support from work in 

primates (Humphrey and Reed, 1983). They demonstrated overlapping regions of the 

pre-central motor (.ortex controlling reciprocal and co-activation commands for movements of 

the wrist, wl1ich were independent of somatosensory feedback. Lesions of the pre-centrai 

cortex, often occurring after cerebrovascular accidents, may result in disturbances of the 

coordination between the reciprocal and coactivation command systems. The decreased 

agonist recruitment and increased co-contraction during voluntary ankle dorsiflexion in the 

Iower limb of our subJects is consistent with similar findings in the upper and lower limbs of 

hemiparetic patients studied by other investigators (Knuttson and Martensson, 1980; Mclellan 

and Hassan, 1982: Hammond et a!., 1988a). It is likely that the disturbed motor function 

arose from disordered descending commands, since activlty in afferents mediating stretch 

reflexes should not have affected voluntary EMG and force du ring isometric contractions. 

Thus, our findings of decreased agonlst recruitment during isometric ankle plantar- and dorsi­

flexion, along with increased co-contraction, supports the hypothesis of altered descending 

commands in spasticity. 

REPROOUCIBILITY OF MEASURES 

According to our experimental paradigm, measures of maximal and me an force, force 

onset and dorsiflexion co-contraction ratios were highly reproducible (0.73 to 0.99; Table 11\ 

and IV). These results suggested that these measures cou Id be used with confidence in 

comparing the resuhs of treatment over several days or weeks. To our knowledge, this issue 

has not been addressed by previous investigators. 

Rë;)N EMG recorded from diffarent subjects on different days is generally not 

considered reliable. Variability in recording conditions due to changes in skin resistance and 
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electrode placement cannot always be avoided. Desplte these IImltatl0ns, efforts were made 

to duplicate EMG recording conditions in each testlng session as :::Iosely as pOSSible 

Surpnsingly. raw EMG area values generated ln the tlbialls antenor muscle dunng dorslflexlon 

of the affected leg were hlghly consistent when the same hemlparetlc subJects were le sIed 

across two different sessions (r=O 91, Table IV) Soleus EMG areas however, were less 

stable (Table III). One explanatlon for the dlscrepancy may be that tlblahs anlenor conlnbuled 

a larger percentage towards dorslflexing force Ihan dld soleus towards Ihe tolal plantarflexlng 

force. For example. dunng ankle dorslflexlon. extensor hallucls longus and extensor dlQllorum 

longus may have contnbuted a small amount of force ln companson to tlblalls antenor Ounng 

plantarflexlon. however. gastrocnemlus, IIblahs postenor and flexor hallucis longus may have 

contributed a somewhat larger percentage of the lorce ln companson to soleus (Kendall et 

al.. 1971). Therelore. presumlng a selective electrode technlQI.;e and the lack 01 slgnllicant 

volume conduction (DeLuca and Merlettl, 1988), the relative contnbutlOn of the soleus muscle 

to plantarflexing force may have been more variable than the \'biaIiS antenor's contnbutlon to 

dorsiflexing force. Another posSlbihty 15 that a surface recordlng technique may adequalely 

pick up a slgmflcant proportion of the muscle action potentlals generated ln the superflclally 

located tlbialis antenor. but it would be less adequate for the more deeply located soleus 

(Basmajian. 1978). This vlew IS supported by the findlng that when thg EMG p-'ilentlals were 

maximal (tlbiahs antenor acting as an agonist). the raw EMG value;; dlsplayed more 111-

ter-session reliability (r=O.91. 0 77; Table IV) than when their actlvlty was sub-maxlmal 

(r=O.62. 0 23; tibiahs anterior acting as an antagonist. Table III) 

CLiNICAL IMPLICATIONS 

Maximal agonist EMG area was sigmficantly decreased ln the affected leg of 

hemiparetic subjects during both plantarflexion and dorslflexion (to 63% and 39% of the non­

affected limb respectively. c.f. Table Il) MaXimal force for each task was also slgnlhcantly 

lower ln the affected than non-~ffected hmbs (59% and 33% respectlvely) These Ilndlngs of 

the decreased agonist recruitment and force along wlth increased co-contraction ratios dunng 
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volunlary d(lrSlflexion sU9gested Impalred inhibition of the spastic antagonist (soleus). Since 

no relations:"up was lound between volunlary ankle function é1r1d hyperactive reflex aChvlty in 

the calf al resl, il is further suggested that the motor delicit may be related to Impaired 

descendmg volunlary commands However, our data does not rule out the pOS'5lbllity that 

enhanced reflex actlVlty dunng '1oluntary effort may also have contnbuted to the motor dellei!. 

This study also showed that maximéd force, mean force and force onset during both 

planrarflexion and dorsiflexion, and co-cont .. action ralios in the affected leg during dorsiflexion 

were highly reproduclble accross testinr sessions (r=0.73 to 0.99, Tables III and IV). An 

Important chnical finding was that the Increased co-contraction and decreased force dunng 

maximal volunlary ankle dorsiflexlon correlaled highly with the seve rit y of spasticlty such that 

the more severe the spasticlty, the greater the co-contraction and the lower the force 

developed by the antagonist to the spastic muscle. These findings suggested tha! reliable 

measures of force and co-contraC'~lon for muscies with residual function may be valid 

Instruments of charting therapeutic ImprovemenL . 



CHAPTER 4 

REPETITIVE ELECTRICAL STIMULATION IN SPASTIC HEMIPARESIS: 

1. STRETCH REFLEX LATENCV CHANGES. 
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SUMMARY 

Repetitive low-mtenslty electncal sllmulatlon of the dorsal column reportedly decreases 

spastlclty, éi:though the mechamsms mediatmg thls effect are unclear. A question anses whether 

activation of large dlameter fibres through transcutaneous electncal nerve stimulation (TENS) wou Id 

also decrease spastlclty Thus, the objectives of thls study were (1) to examme possible changes ln 

stretch reflex excitabllity followmg 45 mm of TENS via both latency and magnitude (amplitude or 

area) measurements, (2) to map out the tlme-course of possible post-stimulation effects. and (3) to 

determlne the role of segmental versus non-segmental mechanlsms mvolved ln medlatlng these 

changes The effects of 45 min of segmentally and heterosegmentally applied TcNS on lower 11mb 

reflexes ln lt:r1 SDc1~:iC hemlparetlc sUbJects were contrasted wlth those resultlng from placebo 

stimulation Our maLI tmdlng was that. In contrast to placebo stlmulallon, both segmentally and 

heterosegmentally applied TENS caused an Immediate increase ln the latencles of soleus H and 

stretch reflex es that was eVldent for up to 60 minutes following the cessation of stimulatIOn These 

results suggested that manipulation of segmental and helero-segmental afferents for 45 mm may lead 

to a decrease of the otherwlse augmented stretch reflex excltablhty accompanymg hemlparetlc 

spastlclty Such a fmdmg has Important Implications for the rehabllltatlOn of patients wlth spastlclly 
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INTRODUCTION 

According to the traditional view, spasilcity 15 due to hyperactivity of the stretch reflex arc 

manlfested by a veloclty dependent increase in tonic and phaslc stretch reflexes, sometlmes 

accompanied by clonus (Lance, 1980). This hyperactlvrty could result tram elther abnormal segmental 

afferent input ta proprioceptive reflex cirCUits ln the spinal cord, or from abnormal pro~~sslng ot 

otherwlse normal Input from the penphery, or bath However, findlngs from a pnmate model of 

hemiplegla (Gilman et aL, 1974) and from patients (Hagbarth et al, 1973; 1975) bath sugyest that 

afferent Input to the spinal cord is essentially unaltered ln spasticity. On the other hand, an Increase 

in the average reSlIng membrane potential of alpha motoneurons, caused by a net Increase ln 

descendlng excitation, could result ln an earlier activation of motoneurons (Feldman, 1966, 1986). 

This cou Id lead to a decrease i~ stretch reflex threshold and the enhanced reflex activlty reported in 

spasticity (Ashby and Verrier, 1976, Levin and Chan, 1990a) 

As demonstrated by Dlmitrijevlc and Nathan (1968) and Dlmltnjevic et al. (1983), another 

J. principal sign of spastlclty is irradiation of reflexes. Consequently, remote or hetero-segmental 

afferents may play an Important role ln dn"mg spastlclty. In thls connectlon, cllnlcal reports Indlcate 

that peripheral nerve blocks (Dlmltnjevic and Nathan, 1967) and rf~pelltlve electncal 5timula~lon of 

antagonistic muscles (Duchenne, 1855; Levme et al, 1952; Alflen, 1982, Vodovnlk et al, 1984) could 

both lead to immedlate reductlons in spasticlty. Simllarly, large dlameter afferent conditlonmg via 

dorsal column stimulation has been found to decrease spastlcity (Nashold and Fnedman, 1972; Cook 

and Weinstein, 1973). 

Whlle dorsal column stimulation requires surgical exposure of the spinal cord, an alternative 

technique - transcutaneous e:ectrical nerve stimulation (TENS), is non-mvasive At low-Intenslty, hlgh­

frequency stimulation, it is thought to predomlnantly activate large diameter afferents ln fact, using 

recording of evoked sensory potentials and measurements of conduction veloclty, we have shawn 

that such kind of stimulation excited large dlameter fibres in the Aal3 range (Levln and Chan, 1988) 

It is thus noteworthy that, in a clinlcal study of 49 multiple scie rosIS patients, Iwo weeks of contmuous 

TENS applied heterosegmenlally were found to produce a moderate but meaningful raductlon ln 
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subJective spasticlty, associated with an improvement in the motor performance of knee flexors and 

extensors (Frednksen et aL, 1Se6). 

Whlle the underlylng mechanlsms remam unclear, an InterE::sting observation IS that very brief 

(several seconds of) dorsal column stimulation could hav~ prolonged effects (up to minutes), whlch 

cannot be explalned solely by simple synaptic mechanlsms. For example, ln decerebrate cats, 

Chapman et al. (1983) found that the suppresSion of static but not dynami~ stretch reflexes outla".:ited 

the perlod 01 dorsal column stimulation (1 - 10 min) for 5 to 20 min. In three spastic patients, 

Siegfried et al (1978) reported an elevation of H reflex thresholds for up to 3 min followlng only one 

300 rnsec eondilloning train apphed to the dorsal column lndeed, longer applications of TENS may 

have even more prolonged effects For example, Chan and Tsang (1987) found long-lasting inhibition 

of the lower 11mb flexion reflex ln normal subjeets, ln some cases for more than one hour, lollowmg 

30 min of low-intensity TENS applied segmentally to the low back. These findings open up the 

posslbihty that TENS may al 50 generate prolonged depression of reflex excitability. 

ln an earlier study. we investigated the Immediate effects of 30 min of segmentally applied 

TENS on the reflex measures of the spastlc soleus ln hemlparetic patients (Hale and Chan, 

1986a) TENS applied to the low back of these patients produced no slgnlfieant change in the 

amplitude of H and stretch reflexes. However. the exten! to whlch reflex amplitudes or gains refleet 

the severity of spastieity has lately been questioned. Recent investigations of stretch reflex activlty in 

the spastie elbow flexors of hemiparetic slJbjects suggested that spasticity may be ct-~racterized more 

appropriately by a decrease in the stretch refler thres(lold than by an increase in gain (Lee et al., 

1987; Powers et aL, 1988). In these studies, a reduced threshold was implied by the appearance of 

EMG actlvity alter a smalter elbow joint angle deflection, white stretch reflex gain or stiffness ln these 

patients was not found to be significantly different from Ihe non-affeeted limb or frcm normal 

subleets. 

Since threshold changes may be reflected in appropriate latency changes, we re-examined 

the immediate effects of 45 min of TENS (versus 3('1 min in tha previous study; Hale and Chan. 

1986a) on the latency and magn~ude characteristics of both the monosynaptic and polysynaptic 

stretch nflexes ln the spastic calf muscles of hemiparetic patients. In an added attempt to determine 
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the lime course of possible post-stimulation effects, measurements of stretch reflex excilablllly were 

repeated at 20 min inlervals for up to 60 min after the cessation of TENS. To further delineate the 

respective contribution of segmental versus non-segmental (e.g. propriospinal and descending) 

mechanisms, the effects of segmentally applied TENS on stretch reflex excitabllity were contrasted 

with heterosegmental and placebo stimulation. To reiterate, the objectives of the present study were. 

(1) to examine poSSible changes in stretch reflex excitabihty following 45 min of TENS via bath 

latency and magnitude (amplitude or area) measurements, (2) ta map out the lime-course of possible 

post-stimulation effects, and (3) 10 determine the role of segmental versus non-segmental mechan­

isms involved in mediating these changes. Sorne of these data have prevlously appeared ln abstract 

form (Levin and Chan, 1989). 

METHODS 

SUBJECTS 

Ten patients with spastic hemiparesis (mean = 56.2 ± S.D. 13.5 years) participated voluntarily 

in the study. Specifie inclusion criteria, method of subject fixation, stimulation and recording 

procedures have ail been described in detail in a previous publication (Chapter 1; Levln and Chan, 

1990a). Table 1 summarizes the demographic data for the se hemiparetic subjects. As previously 

descnbed (Chapter 1; Levin and Chan, 1990a), the evaluation of spasticity conSlsted of 1) Achilles 

tendon reflexes, 2) resistance to passive ankle dorsitlexion, and 3) amount and duratlon of ankle 

clonus. It provided a composite (albeit subjective) index of spasticity. Based on our chnical 

experience, the computed 'spasticity scores' ranging trom 0 to 9, 10 to 12, and 13 to 16 cor­

responded to 'mild', 'moderate' and 'severe' spastlcity respectively. 

EXPERIMENTAL PROTOCOL 

Subjects returned for three randomly ordered sessions in which they recelved either 45 min 

of 1) segmentally or 2) heterosegmentally applied TENS, or 3) placebo stimulation, to be descnbed 
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Table 1. Clinical features of spastic hemiparetic subjects 

lime 
since 

Subject Age Etiology in jury 
(mos) 

1. F 67 L.CV.I\ 56 
2. F 48 R.CVA 11 
3. F 49 L.CVA 26 
4. M 43 L.CVA 7 
5. M 67 R.CVA 22 
6. M 67 R.CVA 37 
7. M 75 L.CVA 15 
8. M 31 R.CVA 24 
9. M 57 L.CVA 50 
10. Mb 58 R.Trauma 15 

Mean = 56.2 26.3 
S.D. = 13.5 16.5 

• The spasticity score is based on 3 clinical measures of spasticity: 
1) Achilles tendon reflex 
2) resistance to passive stretch 
3) clonus. 
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Spas- Degree 
ticity of 
score· spas-

ticity 

4 mild 
7 mild 
9 mild 

10 moderate 
10 mode rate 
10 moderate 
11 moderate 
13 severe 
14 severe 
16 severe 

10.4 
3.4 

Scores ranging from 0-9, 10-12 and 13-16 respel.:tively were classified as mild, moderate and 
severe spasticity. 

b Subject on stable regime (If anti-spasrnodic medication (Dantro'~ne Sodium) 

L./R. CVA = leftlright cerebrovascular accident 

F / M = female/male 
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below. Since no single measure has been definitively correlated wlth changes ln the seve nt y of 

spasticity, we used multiple indicators to investlgate the effects of TENS Pre- and post-stimulation 

test battenes conslsted of the chnical evaluatlon as descnbed above and three physlologlcal reflex 

measures. For reflex testing, subJects reclined in a seml-supine ~osition with the knee flxated at 30° 

flexion anû the ankle supported in the neutral poSition. A full description of the testlng procedures 

have been described (Chapter 1; Levin and Chan, 1990ô). Bnefly, they Involved recordlng 1) the 

maximal amplitude of the H reflex as a percentage of thG maximal M response, termed here. the 

HlM ratio (Hoffmann, 1918; Schieppati, 1987); 2} the amount of Inhibition of the H reflex dunng 

Vibration, expressed here as a percentage of control H reflex amplitudes (HVlb/Hctl), and 3) the 

excitabihty of the soleus stretch reflex (SR) evoked at rest, computed as the SR/M area ratio. To 

further assess the lime course of post-stimulation effects, these measures w,?re repeated at three 20 

min intervals after the cessation of TENS or placebo stimulation. 

TENS AND PLACEBO STIMULATION 

TENS and piacebo stimulation were applied via a Selectra 7720 stimulator (Medtronic) for a 

period of 45 mm. Two rectangular rubber surface electrodes (3 8 cm x 5.1 cm) were coupled to the 

skin with electnc conductlve gel and hypoallergenic tape, Stimulation conslsted of contmuous 

hlgh-frequency (99 Hz), square 0.125 msec electrical impulses delivered at low Intenslty (twlce the 

sensory threshold) for TENS and at essentially zer\) intensity (0.1 x threshold) for placebo At the 

beginning of each testing session, sensory threshold was determined by gradually increasing the 

intensity of the stimulation to a level when the subject first reported a taint IIngling sensation The 

intenslty was then decreased until no sensation was felt. The average of three such trials was used 

to determine the threshold intenslty for each session. TENS was apphed to two sites: 1) the common 

peroneal nerve (L4-S2) located Just postenor to the head of the flbula, whlch supplies the muscles 

antagonistic to the spastic calf mUScles; or 2) the volar aspect of the contralateral wnst over the 

medial1 nerve (CS-T1). Placebo stimulation was applied only to the tirst sitlJ The Iwo sites were 

chosen in order to determine the differential effects of segmental versus heterosegmental 

mechanisms in the possible modification of stretch reflex excitabllity in spastic hemlparesls 
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EMG RECORDING AND DATA ANALYSIS 

Procedures for recording and anlayzing HlM ratios, HviblHctl ratios and stretch reflexes have 

previously been described in detail (Chapter 1: Levin and Chan, 1990a). Briefly, EMG {rom soleus 

and tibialis anterior muscles were recorded via disposable surface electrodes. Maximal peak-to-peak 

H reflex amplitudes were t:l:pressed as a percentage of maximal M response amplitudes. The 

amount of inhibition of the H reflex during vibration was calculated as a percentage of the control H 

reflex amplitude which was app.·oximately 30% of the maximal M response. Stretch reflex area values 

were normalized by expressing them as ratios of maximal M response are as. Other parameters 

analyzed were stretch reflex latencies, onset angles and durations. 

Statlstlcal Analysls. Changes in H reflex latencies, HlM and Hvib/Hctl ratios, as weil as 

parameters of the stretch reflex were expressed as percentages of their corresponding pre-stimulation 

control values for each subject. Changes in each 20 min post-stimulation time interval were 

compared between trealments. Occasionally, post-stimulation changes in the the three time periods 

were pooled. Two-way ANOVAs compared the effects of the segmental and heterosegmental TENS 

stimulation with placebo treatments on each reflex measure. Differences between individu al pairs of 

means were determined by a post-hoc test (Ieast significance difference test). A significance level of 

0.05 was used for ail two-railed tests. 

RESULTS 

CHARACTERISTICS OF REFLEX RESPONSES 

HlM ratios were generally elevated in our spastic hemiparetic patients. Examples of HlM and 

Hvib/Hctl ratios for Iwo subjects are iIIustrated in Fig. 1. The subject shown in Fig. 1 (A-C) was a 48 

year old female with left hemiparesis and mild spasticity. This subject had an HlM ratio of 65.9% and 

an HviblHctl ratio oi 40.0%. In contrast, the subject in Fig. 1 (D-F) was a 57 year old male with right 

hemiparesis and severe spasticity, who had an HlM ratio of 90.0% and an Hvib/Hctl ratio of 

64.4%. In spi te of the apparElnt correlation between the HlM ratios and the degree of clinical 
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Hmax Mmax HVib/Hctl 

A. B. c. 

D. E. P. 

l '\,-_ 

10llsec 

Ftg. 1 Examples of maximal H reflex (Hmax, A & D), maximal M responses (Mmax; B & E), and vlbratory inhibItion of 
the H reflex (Hvlb! Hetl; C & F) ln Iwo hemlparehc subjects wllh mtld (A-C) and severe (D·F) spa:;lIclty For these 
subJects. the HlM rallos were 65 9% and 90 O~". whlle the HVlblHcli rallos were 40 0% and 64 4% respecllvely 

2.V 

.. 

o 
l'IJ 
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spasticity (mild versus severe) in the two subjects shown in Fig. 1, this was not the case for ail sub­

jects. As repol1ed in a previous paper (Chapter 1; Levin and Chan, 1990a), the total spasticity score 

did not show any consistent relationship with HlM or Hvib/Hctl ratios (r=0.27, 0.43 respectively). 

Simllarly, t'le magnitude of HlM and HVlb/Hctl ratios were not correlated with each other (r=0.22, 

Chapter 1: Levin and Chan, 1990a). 

EFFECTS OF TENS ON H REFLEXES 

Due ta the large inter-subject variability of H reflex measures, we expressed the post-­

stimulation effects as percentages of the control values, in arder ta compare the results of each 

treatment across subjects. Figure 2 shows the group mean changes in H reflex latencies, HlM and 

Hvib/Hctl ratios in the three 20 min post-stimulation time periods (P1, P2, P3) after TENS application 

ta the lower extremity (filled bars), or to the upper extremity (hatched bars), and after placebo 

stimulation to the lower extremity (open bars). Placebo stimulation had no effect on H reflex latencies 

-f in the hemiparetlc patients (mean change of the three post-stimulus '"tervals was ~9.6 ± 8.3%). In 
~ 

contrast, Fig. 2 (Ieft panel) shows that segmental and heterosegmental TENS produced a significant 

increase in H reflex latencies which was evident in each of the 20 min time intervals following 

TENS. The mean post-stimulus change in latency was 106.5 ± 8.7% (p<0.02) following TENS ta the 

Iower extremity, and 1057 ± 6.2% (p=0.02) after TENS ta the upper extremlty. 

No significant effects of segmental, heterosegmental or placebo TENS were found on the 

magnitude of either HlM ratios (Fig. 2, center panel) or Hvib/Hctl ratios (Fig. 2, right panel), although 

segmental TENS tended ta decrease HlM ratios. The large inter-subject vanability of Hvib/Hctl ratios 

may have masked any possible treatment effect. However, no effect was found even after examining 

the resuHs of those subjects who initially had Iow «50%) or high Hvib/Hctl ratios (>50%). 

EFFECTS OF TENS ON STRETCH REFLEXES 

Nelther TENS nor placebo stimulation had any consistent effect on stretch reflex durations, 

areas, or on stretch-evoked clonus. However, both latencies and onset angles were significantly 

l' increased following TENS but not placebo stimulation (F=7.36, p=0.001). An ex ample of the effect of 
-4 
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TENS on the soleus stretch reflex latency is shown in Fig. 3A-0 for one subject wlth moderate 

spasticlty. The mean values of ten stretch reflexes (solid line) and their standard errors '\'lotted hne) 

are dlsplayed on the same lime scale along wlth the correspondmg mean ankle dlsplacement 

(dashed Ime) before stImulation (Fig 3A), 20, 40, and 60 mmutes (Fig 38-0) after 45 mmutes of 

TENS stlmulallon to the common peroneal nerve. The prolongallon of stretch reflex latenclf's is 

clearly se en ln this example, as an mcreased distance from the vertical line ahgned wlth the onset 

latency of the control response ln Fig. 3A. Group effects are summanzed 10 the histograms of Fig. 4 

showlng the mean values of stretch reflex latency changes, expressed as a percentage of the 

control, ln the three 20 min time mtervals following the applications of TENS or placebo stimula­

tion The means of ail three post-stimulation periods for stretch reflex latencles were 110 5 ± 4.5% 

for TENS apphed to the contralateral upper extremlty, and 109 8 ± 9 2% for TENS apphed to the 

Ipsilateral lower extremity. These were sigmflcantly longer than the value obtained followlng placebo 

stimulation (90 8 ± 7 7%, p<O 05). It should further be noted that the mcrease ln stretch reflex 

latencies was evident for at least 60 min post-TENS stimulation. 

DISCUSSION 

Of ail the aspects of segmental reflex circuitry investigated in our spastic hemlparetlc 

subjects, only H and stretch reflex latencies showed any improvement (5 7% to 10.5%) Immedlately 

following 45 min of low-threshold afferent condi1ioning. Of particular interest was that the prolongation 

of the onset measures was evident after both segmentally and heterosegmentally applied TENS, but 

not after placebo stimulation. Furthermore, the effect outlasted the period of stimulation for at least 

60 min. 

TENS or placebo treatment nad no slgnifican\ effects on the magnitude of elther HlM ratios 

or Hvib/Hctl ratios (Fig 2). Sined the former reflects the amount of excitability in the alpha moto­

neuronal pool (Hugon, 1973: Schleppati, 1987), our findings may suggest that 45 min of TENS had 

no immediate effects on motoneuronal exeitabili1y. Nevertheless, HlM ratios showed a tendency to 

decrease following segmental TENS stimulation, and Hvib/Hctl ratios appeared to be depressed for 
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Soleus stretch reflexes in one subject with moderate spasticity (A) before, (B) 20, (C) 40 and 
(0) 60 min after 45 min of TENS to the common peroneal nerve. Mean EMG values of ten 
trials are denoted by solid fines and standard errors by dotted lines. Stretch refleJC responses 
are shown on the same tlme scale as the ankle displacement denoted by dashed' Imes. Ver­
tical fine Indlcates the control stretch reflex latency The prolongation of onset lalencles ln 
each post-stimulus time ,"terval 15 clearly 5een as an Inc.reased distance Irom Ihls hne 
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Fig. 4. Histograms of the means and standard devlations of soleus stretch reflex onset latencies in 
each 20 min inteNal for each treatment procedure. Legends are the same as for Fig. 2. Note 
that, in contrast to placebo stirrulation, TENS applied to the leg or wrist signHicantly 
prolonged stretch reflex lalenCles (Post-Hoc lest. p<.05). 
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up to 40 min followmg heterosegmental TENS stimulation (Fig 2). HlM ratios would not be altered Il 

the maximal H and M responses increased or decreased together Therelore, ln an eNort to 

determine If TENS affected them ln parallel, we measured the changes ln each response over tlme 

ln indivldual subJects Both of them were found to Increase together sllghtly regardless 01 TENS or 

placebo stimulation. Possible explanatlons for the increasmg trends Include changes m 11mb 

temperature, skm or electrode reslstance (Brunla et al ,1973) However, thase factors wou Id not be 

Important in the Interpretation of flndmgs in HVlb/Hctl ratios, slnce control H reflexes were chosen as 

a constant percentage of the maximal M response evoked il1 each successive 20 min tlme Interval 

EFFECTS OF SEGMENTAL TENS 

Segmental mechanisms may h~lIe contributed to the prolongation of reflex latenCles observed 

ln this study. A hkely mechanism could be reciprocal inhibition It IS weil documented that repetltive 

low-threshold afferent stimulation immedlately inhlbits spinal reflex actlvlty segmentally, via the 

activation of reciprocal inhlbltory pathways (Eccles and Lundberg, 1958, Tanaka, 1983) Extensive 

excitatory and mhlbltory convergence from segmental, as weil as suprasplnal systems onlo la 

inhibltory mterneurons, has been establ1shed by direct mterneuronal recordmg ln cats (Hultborn et al . 

1976a,b,c). In normal man, reclprocal inhibition from pre-tibial flexors to extensors 15 present dunng 

voluntary activation of the dorslflexors, as eVldenced by suppression of the H reflex amplitude ln the 

antagonlst at latencies consistent wlth a disynaptic pathway (Tanaka, 1983). Reclprocal mhlbltlon 15 

present, although weak, ln patients with hemiplegia (Yanaglsawa et al, 1976) Thus, one possible 

expia nation for the effects of segmentally-applied TENS could be that repetltlve large dlameter 

~fferent ccndltioning may have resulted in an Inhibition of the excltablltty of extensor alpha moto­

neurons mediated by la reclprocal in~llbltory pathways Our flndmgs of Increased H and stretch-reflex 

latencles are consistent wlth the vlew that reclprocal Inhibition may modulale the threshold, and 

consequently the latency. rather th an the amplitude of the soleus H reflex ln man (Davles. 1985). 

E:FFECTS Of HETEROSEGMENTAL TENS 

TENS 3ppliE:d to the wrist prolonged H and stretch reflex ':1~encies ln the contralateral lower 
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1 11mb by the same order of magnitude as segmental stimulation (Figs. 2 and 4). This heterosegmental 

stimulation also depressecJ Hvib/Hctl ratios (see Fig. 2) for up to 40 min post-stimulation, but the 

effect was not slgnrficant (p>0.05). Since both segmental and heterosegmental stimulation affected 

lower extremlty reflexes to a slmllar extent, It is not likely that these results can be explained by 

purely reclprocal mechanJsms discussed above. Furthermore, the prolonged effects of 45 min of 

TENS suggested that repelitive electrical stimulation may have triggered the release of long-Iasti~fg 

inhlbllory neuromodulators 10 be diGcussed below 

The Immediate effects of remote, heterosegrnen~al conditioning of low-threshold afferents on 

lower limb reflexes in man has not been prevlously described. although Walker (1982) observed a 

prolonged suppression of clonus in the lower extremrty of multiple sclerosis patIents following 

percutaneous stimulation of the contralateral radiaVmedian nerve wlth implanted electroèes. In intact 

rats, a graduai enhancement of inhibition in spinal lumbar interneurons has been reported following 

repeated electrical cutaneous conditlomng of the ipsllateral hindlimb (MacDonald and Pearson, 1979). 

ln thls study, the inhibition outlasted the stimulation from 0.5 sec to 7 min in intact but not spinal 
"j 
.. rats, suggesting that the development of inhibition depended on descending influences. 

r 

Possible mechanisms which may explaln the results of remote afferent stimulation on reflex 

latencies could Include 1) an increase in presynaptic mhibltlon, 2) a non-specific release of inhibitory 

neuromodulators, or 3) an augmentation of descending inhibition via propriospinal pathways, as it will 

emerge below. 

Presynaptlc Inhibition. In the present study, both segmental and heterosegmental afferent 

conditioning were founel to have no sigmficant effect on Hvib/Hctl ratios in spastic hemiparetic 

patients. In normal subjects, inhibition of the soleus H reflex is maximal when a 2 mm amplitude 

vibratory stimulus of between 80 to 100 Hz is applied to the homonymous Achilles tendon (Desmedt 

and Godaux, 1978). Under the se conditions, inhibition of the H reflex is believed to be partially 

mediated by presynaptic inhibition of the la terminais onto the presumed monosynaptic stretch reflex 

arc (Gillies et aL, 1969, Burke et al, 197'3). Vibratory inhibition of the H reflex has been reported to 

be decreased in spastic hemiplegic subjects (Ashby and Verrier, 1976), suggesting that presynaptic 
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Inhibition may be diminished in spastlclty. One of the mechamsms proposed to be responslble lor the 

decrease in spasticlty during dorsal column stimulation 15 an enhancement 01 presynaptlc InhlblllOn at 

the segmental level (Philllps, 1981) The eVldence supporting thls contenilon, however, 15 qUite 

Indirect. Our l'ndings that TENS dld not decrease HVlb/Hctl ratios may have been related 10 Ihe lact 

that only hall of our sUbJects had HVlb/Hctl ratios that were larger th an normal (>50%) However, 

even ln the patients wlth elevated ratios (n=5), the mean post- stimulus effects 01 segmental and 

heterosegmental TENS were not signlilcantly different (p>O US) from placebo stimulation, bemg 839 ± 

23 0%,89.1 ± 337% and 962 ± 33 5% respectlvely. Paradoxlcally, TENS treatments tended to !ncrease 

the Hvib/Hctl ratios ln the remalntng subJects wlth low initiai ratios when compared to placebo, the 

respective values bemg 124.6 ± 678%, 130 7 ± 72.5% and 91.5 ± 65 8%. However, these results were 

not slgmflcant due to the hlgh Intersubject vanabllity Desplte the dlfflculty ln Interpretmg these results 

due to the small size of our sample, the inslgniflcant decrease in the group mean HVlb/Hctl ratio is 

not consistent wlth an Immediate enhancement of presynaptlc inhibition followmg a single session 01 

TENS stimulation. 

Release of Inhlbltory Neuromodulators. The pr')longed Incree:.e ln rellex latellcles for 

penods outlasting the TENS stimulation may pOint to the possible mvolvement of mhlbltory neuro­

modulators. In this connection, TfNS applications for pam control have been reported to Increase 

opiold concentrations m the plasma and cerebrospinal flUid of normal human sUbJects (Facchlnettl et 

aL, 1984; Salar et al, 1981). Furthermore, morphme sulpnate injected ln the Intrathecal spa ce 

overlying the spmal cord has b~en fountJ to produce a stnkmg relief of clinical SP3c;ticlty (Enckson et 

al, 1989). Thus, the release of neurornodulators tnggered by TENS stimulation may he a powerful 

inhlbltory mechanism which could explain the prolonged Increase of reflex latenCles 

Increase ln Descendlng InhlbHlon. Our results also support the hypothesis that low-thresh­

old afferent stimulation may have raised thê threshold 01 motoneuronal excitablhty at the segmental 

level via activation of propriospinal and/or descending inhibltory pathways Assuming that stretch 

reflex thresholds are decreased ln spasticity (Powers et al, 1988), posslbly by an Increase ln 
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segmental rnotoneuronal excitability produced via descending pathways (Feldman, 1966; 1986), stretch 

relie x onset latencies would be shorter in spastic hemlparetic subjects. Simllarly, one would expect an 

Increase in HlM and SR/M ratios. This indeed was the case ln our patient group compared to normal 

age-matched control subJects (Chapter 1; Levln and Chan, 1990a). Since both repetitive segmental 

and heterosegmental stimulation increased stretch reflex latencies, it seems unlikely that the effects 

were mediated strictly by segmental mechanisms. Rather, non-segmental mechanisms appear to be 

Involved. Feldman and Orlovsky (1972) have shown that stimulation in specifie areas of the brainstem 

of decerebrate cats (Dieter's nucleus, pyramidai tract, reticular formation) resulted ln a net inhibition 

of thresholds but not stiffness or magnitude of stretch reflex es in ankle e..:tensor muscles Similarly, 

our repetltive stimulation may have caused a net inhibitory influence at the segmental level via the 

activation of propriospinal and/or descending pathways, and/or via a triggered release of long-lasting 

inhibitory neuromodulators. Further investigation of these possible contribu!iilg mechanisms seems 

warranted. 

CLINICAL IMPLICATIONS 

Our results suggested that peripherally applied TENS may increase reflex latenCles via 

non-segmental mechanisms, since changes of simllar magnitude were foulld followlng segmental or 

hcterosegmental stimulation. It was not evident, however, that the increase in latencies reflected a 

concomitant decrease in clinical spasticity. Indeed, clinical measures of spasticity were not correlated 

wlth measures of static reflex function in the lower extremities of our patients (Chapter 1; Levin and 

Chan, 1990a). The lack of correlation however, was not surprising, since none of the clinicat 

measures is particularly sensitive to threshold changes, but rather more indicative of response 

magnitudes Also, the possible inhlbitory effects of a single TENS application on chnically measured 

spasticity, indeed, may have been subclinical. 

Given the encouraging effects on reflex latencies from a single session of TENS, we 

speculated that prolonged treatment with repetitive low-threshold afferent stimulation may be of 

therapeutlc Importance in the reduction of hemiplegic spasticity A companion paper therefore 

attempts to elucidate possible longer-term effects of afferent manipulation in the management of 

spasticity . 

, 
1 
; 
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CHAPTER 5 

REPETITIVE ELECTRICAL STIMULATION IN SPASTIC HEMIPARESIS: 

Il. RELIEF OF SPASTICITY IS ASSOCIATED WITH 

IMPROVEMENT IN REFLEX AND VOLUNTARY MOTOR CONTROL 
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SUMMARY 

ln a prevlous study, we found that single, 45 min applications of transcutaneous electncal nerve 

stimulation (TENS) prolonged H and stretch reflex latencles ln hemiparetic subjects. In addillon, 

repeated TENS applications (9 dally 30 min treatments) enhanced vibratory Inhibition of the H reflex 

and tended to decrease hyperactive stretch reflexes. This suggests that longer term TENS may also 

be effective in the reduction of hemiparetic spastlcity. However, the effects of TENS on motor control 

remain inconclusive. The objectIVes of this study were: 1) to determine whether longer-term repetltive 

TENS stimulation would lead to a reduction in chnical spasticity in hemiparetic subjects; and 2) to 

examine whether such a reduction may be associated with a decrease in stretch reflex excitabillty and 

an Improvement in voluntary motor function. In thls study, the effects of flfteen 60 min TENS treat­

ments to the affected lower limb on clinical spasticity scores, reflex measures and maximal vOluntary 

isometric plantarflexion and dorsiflexion of the ankle in standing were contrasted wlth those of placebo 

stimulation in similar groups of hemiparetic subjects. Repeated applications of TENS aecreased clinical 

spasticity (p<O.05), increased vibratory inhibition of the H reflex (p=0.02), and decreased the magnitude 

of stretch reflexes (p=0.05) in the spastic ankle extensors. These changes occurred concomitantly with 

a dramatie improvement in voluntary dorsiflexion but not plantarflexion force (uP to 920%) and a 

decrease in co-contraction ratios (p<O.OS). These results indicated that repeated applications of TENS 

can reduce clinical spasticity and improve control of reflex and motor functlon in hemiparetic subjects 

Furthermore, the mechanism of the improvement may be partly related to an enhancement in 

presynaptic inhibition, and a possible 'disinhibition' of descending voluntary commands to flexor 

motoneurons. 

--- ----------~----------------
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INTRODUCTION 

Motor dyslunctions associated wlth upper rnotor neuron lesions appear to result Irom a lack 01 

the coordination between homo- and heteronyrnous reflex systems on the one hand, and descendlng 

supraspinal mechanlsms on the other, at least in the cat (NichOls, 1989) The underlymg causes 01 

these dlsorders are, as yet, unclear However, indirect evidence trom spastlc subjects suggests that It 

may be partly related to a loss 01 presynaptic Inhlbitory mechanlsms acting on the muscle spmdle 

afferent termmals (Ashby and Verner, 1976, Burke. 1988). 

Pathophysiological mechanisms aSlde, there is abundant eVldence that low threshold allerent 

Input can reduce the ongoing actlvity ln Interneurons and/or alpha motoneurons via segmental, propno­

spinal or supraspinal pathways (Pierrot-Deseilligny and Mazieres, 1984) Such a posslblhty has been 

demonstrated in the cat where descending commands were modilled by achvity ln cervical propno­

spinal neurons during target-reaching tasks (Alstermark et aL, 1981 ) Simllarly, electrical stlmulallon 

(0.6 x motor threshold) 01 low threshold afferents Irom the medlan and ulnar nerves has been lound to 

Inhibit la afferent mediated excitation ln reflexly and voluntarily actlvated wnst flexor muscles (Malm-

gren and Pierrot-Deseilligny, 1988a,b). 

Furthermore, dorsal column stimulation has been shown to Inhiblt transmission in spinothalamlc 

tract pathways via both pre-and postsynaptic inhibitory mechanlsms (Foreman et aL, 1976) Indeed, 

there is considerable supraspinal and penpheral allerent convergence onto spinal Interneurons medlat­

ing presynaptic inhibition (Baldissera et aL, 1981). If presynaptlc Inhibition is indeed dimlnlshed ln 

spasticity (cf. Ashby and Verrier, 1976; Burke, 1988), then segmental input arismg through natural or 

electrical stimuli may be one way 01 'swltching on' presynaptic inhlbltory mechanlsms 

Now, remote subcutaneous electrical stimulation of the contralateral wnst has hl:len lound to 

suppress ankle cio nus in spastic multiple sclerosis patients (Walker, 1982) This InhibitIOn developed 

gradually (an hour after 60 min 01 stimulation) and outlasted the period 01 stimulation for up to three 

hours in some instances (Walker, 1982). According to other cllnlcal reports, low-Intenslty transcutan­

eous electrical nerve stimulation (TENS) also reduces spasticlty and Improves motor function ln 
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patients with spinal spasticlty. These effects are reported whether TENS is applied dlrectly over spastlc 

muscles (Bajd et al., 1985) or remotely on the skln overlylng the dorsal columns of the spmal cord 

(Frednksen et al., 1986). The mechanisms by which TENS may be oxerting these effects are, as yet, 

unclear. However, there IS sorne evidence that It may be acting via a cornbmatlon of several 

mechanisms Possible enhancement of presynaptlc inhibition was suggested by the flnding of a 

signlflcant increase in the amount of vibratory inhibition of the H reflex m spastlc hemlparetlc subJects 

followmg nine dally, 30 mm TENS apphcations to the low back (Hale and Chan, 1986b) Alternatlvely, 

the release of inhibitory neuromodulators or opioids may account for the prolonged influence of TENS 

(Almay et al., 1985; Salar et al, 1981). 

Based on these findmgs, we recently studied the effects of 45 min of TENS, apphed either 

segmentally to the ipsilateral common peroneal nerve or heterosegmentally to the contralateral median 

nerve in spastlc hemiparetic subjects. As described in the prevlous ct'1apter (Chan and Lev,", 1990), 

we found a significant and long-lasting (up to 60 min post-stimulation) prolongation of H and stretch­

reflex latencles ln the spastic calf muscles regardless of the site (segmental or heterosegmental) of 

stimulation. These findings suggested that a single session of TENS could lead to a prolonged 

decrease in hyperexcltable stretch reflexes ln hemiparetic spasticlty, that could be Independent of 

segmental reclprocal inhibitory mechanisms. 

Consldering that the disorder in spastic~y mav be partly related to enhanced stretch-reflex 

excitability (Feldman, 1986; Powers et aL, 1988), the above finding led us to speculate that repeated 

TENS applications over a period of time (weeks) could result in a significant reductlon of clinical 

spasticlty. We set out to investigate this possibility in the present study. The effects of a long period of 

TENS stimulation (fifteen daily 60 min treatments) on subjective spasticlty, hyperactive reflexes and 

maximal voluntary i~ometric ankle contractions were studied m spastlc hemlparetic subjects These 

effects were compared wlth those of placebo stimulation applied for the same penod to a simllar group 

of hemlparetic subjects, in an attempt to monitor possible changes in these measures due to mental 

set and/or time alone. To elaborate, the objective of the present study was to Investigate whether 

repetitive low-threshold afferent stimulation (TENS) over two or three weeks would lead to a reduction 

in clinical spasticity in hemiparetic subjects. A further objective was to find out whether such a 
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reduction was associated with a decrease in stretch reflex excitability and an improvement in voluntary 

motor function. 

METHODS 

SUBJECTS 

Thirteen patients with spastic hemiparesis (mean age = 59.1 ± S.D 13.6 yr) participated in the 

study. Criteria for inclusion of the hemiparetic subjects, method of subject fixation, stimulation and 

recording procedures have a" been described in datail in the previous chapters (Levln and Chan, 

1990a,b; Chan and Levin, 1990). For the clinlcal assessment of spastlcity, an evaluation form 

consisting of three commonly used measures was developed. /',S already descnbed (Levin and Chan, 

1990a), ~ consisted of: 1) Achilles tendon jer1<; 2) reSistance to passive ankle dorsiflexion; and 3) 

amount and duration of ankle clonus. This evaluation provided a composite though subjective inôelf of 

spastic~y. Based on our clinical observations, total spasticity scores ranging from 0-9, 10-12, and 13-

16 corresponded to mild, moderate and severe spasticity respecbvely (Table 1). Hemlparetic sublects 

were stratilied according to the level of spasticity thus 'computed' in the affected lower leg. Initially 

they were randomly allocated to either a treatment or a placebo group. Seven patients were thus 

assigned to the treatment group and six to the placebo group (mean age 64 7 ± 10.6 yr). Since the 

placebo stimulation was later found to have no effect, four of the six patients ln the placebo group 

then underwent a further three weeks of TENS stimulation. This increased the final number of patients 

in the treatment group to a total of eleven (mean age 58.5 ± 14.7 yr). Baseline clinlcal, reflex and 

maximal voluntary force data for ail subjects are presented in Table 1. 

EXPERIMENTAL PROTOCOL 

Most subjects were tested on two occasions, with at least one week apart, to acquire baseline 

measurements. The test battery consisted of five measures which have been descnbed in detail pre· 

viously (Levin and Chan, 1990a,b) They were: 1) the clinical spasticity scores; 2) the maximal ampli-

•• tude of the H reflex as a percentage of the maximal M response (HlM, Hoffmann, 1918); 3) the 
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Table I. A comparison of clinical features, reflex profile and maximal 
voluntary force between spastic hemiparetic subjects in TENS 
treatment and placebo groups 

Clinical Features Reflex Profile Maximal Contraction 

Age Etiol- Time Spas-
ogy since ticitf 

in jury score 
(yr) (mos) 

TENS Treatment Group 

75 L.CVA 
49 L.CV~ 
67 L.CVA 
31 L.CV~ 
76 R.CVA 
43 L.CVA 
67 R.CVA 
57 L.CV~ 
73 R.CVA 
58 R.CV~ 
47 L.CVA 

Mean=58.S 
5.D.=14.7 

Placebo Group 

67 L.CV~ 
76 R.CVA 
58 L.CVA 
67 R.CV~ 
73 R.CV~ 
47 L.CVA 

Mean=64.7 
5.D.=10.6 

ns 

18 
27 

8 
25 
43 

8 
23 
85 
26 
16 
11 

6 
9 
9 

10 
10 
11 
12 
13 
13 
1S 
16 

26.4 11.2 
21.9 2.9 

8 
43 
50 
37 
26 
Il 

9 
10 
12 
13 
13 
16 

29.2 11.8 
17.2 2.S 

ns ns 

a Spasticity Score: 0-9 
10-12 
13-16 

HlM Hvibl SR SR/M 
Hctl ons et area 

(%) (%) (degree) (%) 

17.1 
98.1 
22.3 
94.7 
19.8 
19.9 
88.6 

100.0 
S'1.9 
77.9 

100.0 

63.3 
36.6 

22.3 
19.8 
85.9 
60.2 
57.9 

100.0 

57.7 
32.5 

ns 

53.4 
17.0 
80.9 
43.2 
81. 7 
24.2 
29.8 
96.3 
30.1 
96.3 
81. 4 

57.7 
30.3 

80.9 
81. 7 
76.9 
7S.6 
30.1 
84.3 

71.6 
20.6 

ns 

7.0 
16.9 
29.5 
20.3 
11.5 
12.1 
23.2 
13.5 
11.4 
11. 4 
1 1).5 

15.2 
6.6 

29.5 
11. 5 
8.2 

10.6 
11. 4 
10.5 

13. € 
7.9 

ns 

mild spasticity 
moderate spasticity 
severe spasticity 

37.0 
82.0 
27.0 
53.0 
29.0 
16.0 
51.0 
60.0 

100.0 
48.0 

100.0 

50.3 
25.7 

37.0 
65.0 
49.0 
53.0 

100.0 
100.0 

68.0 
27.8 

ns 

FF DF 
force force 

(kg) (kg) 

16.1 
16.7 
10.7 
22.4 
10.4 
28.9 
23.8 

3.1 
12.4 
10.5 
17.6 

15.7 
7.3 

11.0 
12.3 

9.5 
13.5 

9.0 
14.0 

11.6 
2.1 

ns 

5.0 
7.3 
4.2 
5.8 
7.9 
1.4 
6.4 
0.0 
0.0 
1.2 
0.0 

3.6 
3.1 

3.1 
0.0 
1.0 
5.1 
5.0 
0.0 

2.4 
2.4 

ns 

b Four patients participated in both placebo and treatment groups after no placebc 
effect was demonstrated. 

SR 
PF/DF 
L/R CVA 
ns 

= stretch reflex 
= plantarflexion/dorsiflexion 

left/right cerebrovascular accident 
= non-significant 
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amount of inhibition of the H reflex during vibration (Hvlb/Hctl)' 4) the excltability of the soleus stretch 

reflex in terms of latency, response dmation and magnitude (SRIM area); and 5) maximal voluntary 

isometric plantarflexion and dorsiflexion .>f the ankle (EMG and force) ln standing. 

The testing procedure was as follows: Spasticrty about the ankle jOint was assessed at the 

beginning of each experimental session. SubJects then performed the maximal vOluntary isometric 

contractions in the functional position of standing. Four such contractions in the dorslflexing and 

plantarflexing directions were obtained from both the affected and non-affected legs of the hemlparetic 

subjects. This was followed by reflex data measurements with the subjects in a seml-supine posi­

tion. The duration of the entire testing protocol was approximately two and a hait hours 

Following the initial testing session(s) and the allocation to either the treatment or placebo group, 

subjects and/or their family members were instructed in the use of a portable TENS stimulator. The 

stimulation (or placebo) was applied for 60 min per weekday dunng a three week period, for a total of 

tifteen treatments. The 60 min treatment tlme was considered optimal based on findlngs from previous 

studies investigating the effects of repetltive electncal stimulation in spastlc patients (Walker, 1982; 

Hale and Chan, 1986b; Chan and Levin, 1990). Compliance with the treatment protocol was verifled by 

the examiner via inspection of a log book kept by the subject or subject's family. To assess the time 

course of the effects of stimulation, the five measures described above were repeated after two and 

three weeks of stimulation (Oays 11 and 16). 

STIMULATION PROCEDURES: TENS and Placebo Stimulation 

TENS or placebo stimulation was applied via a Selectra 7720 stimulator (Medtronic) and was the 

same as already described in Chapter 4 (Chan and Levin, 1990). Briefly, low-intensity, high-frequency 

TENS at twice sensory threshold, or placebo stimulation at 0.1 x sensory threshold, was applied over 

the common peroneal nerve located just posterior to the head of the fibula on the hemiparetic leg. This 

nerve supplies the skin and muscles antagonistic to the spastic calf muscles. Correct positioning of the 

electrodes was confirmed by the subject reporting a tingling sensation in the cutaneous distribution of 

the nerve along the anterior part of the leg and dorsum of the foot. 
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EMG RECORDING AND DATA ANALYSIS 

The procedures fer recording and analyzing H reflexes, M responses, stretch reflexes, and 

maximal vOluntary EMG and force were the same as previously described (Levin and Chan, 1990a,b). 

Briefly, soleus and tibialis anterior EMG was recorded via surfa(.i) electrodes. Individual and mean 

peak-to-!>eak H reflex and M response amplitude values were calculated on-line. The stretch reflex 

onset was defined as the angle of ankle displacement corresponding to the onset of the soleus stretch 

reflex EMG (Levin and Chan, 1990a). Stretch reflex area was calculated by rectifying and integrating 

the soleus EMG in the 150 msec following Hs onset. It was expressed as a percentage of the area of 

the maximal M response recorded in the sa me mJscle by the same electrodes. For maximal voluntary 

isometrÎC contractions of the ankle muscles, soleIlS and tibialis anterier EMG, as weil as plantarflexion 

and dorsiflexion force, were measured from 500 msec before to 2 sec after the response onset. EMG 

areas, maximal and mean force were calculated in a 500 msec window placed where the force trace 

reached a plateau. EMG areas were used to calculate co-contraction ratios such that antagonist EMG 

C' areas were expressed as a percentage of the total agonist plus antagonist EMG areas. 

Statlstlcal Analysls. Differences between the baseline data from the two groups of subjects 

were tested by Student's Hests. Post-stimulation changes for each of the above measures were 

expressed as raw data or computed as percontages of the control values for each subject. The effects 

of TENS on each measure were cornpared with pre-stimulation control values or wHh placebo 

stimulation, using two-way ANOVAs. Differences between individual pairs of means were determined 

via 'Ieast signifieant difference' tests. A significance level of 0.05 was used for ail tests. 

RESULTS 

CHARACTERISTICS OF SPASTIC HEMIPARETIC SUBJECTS 

Based on our clinical evaluation of the subjects comprising the treatment group, three had mild, 

'I four had moderate and four others had severe spastieity (Table 1). In the placebo group, one subject 



1 
120 

had mild, two had moderate and three had severe spasticity. The mean control composite spasticity 

scores did not differ between the two groups of subjects (11 2 ± 2.9 and 11.8 ± 2.5 respectively. 

t=-0.102 p>0.90, Fig. 1). There were no initial differences in control HlM, HVlb/HcU, and stretch reflex 

values between the TENS and placebo groups (p>O.10, Table 1). For maximal voluntary contractions, 

the rnean control values of plantarflexlon and dorsiflexion force were not slgnlficantly dlfferent from 

those of the placebo group (p)0.05, Table 1). Mean control co-contraction ratios during ankle dorsi­

flexion also did not differ between the TENS and placebo groups (45.2 ± 25.5% and 53.7 ± 31.1% 

respectively, p>0.05). 

EFFECTS OF TENS AND PLACEBO STIMULATION ON SPASTICITY SCORES AND H REFLEXES 

The mean control and post-stimulation spasticity scores after two and three weeks of TENS (filled 

columns) or placebo (open columns) stimulation for each group are presented in Fig 1. The improve­

ment in spasticity was evident aner two weeks of TENS but not placebo stimulation. However, an 

additional week of TENS stimulation did not lead to a further reduction in spasticity scores. Of clinical 

importance is the finding thrat the reduction in spasticity following two and three weeks of TENS was 

significant when contrasted with placebo stimulation (F=4.66, p<0.05). ThiS result is particularly 

remarkable in view of the consistancy of the spasticlty scores after 2 and 3 weeks of placebo 

stimulation (Fig. 1). 

Neither TENS nor placebo stimulation had any significant effect on the HlM ratios, uespite the 

latter's tendency to decrease after two weeks of TENS (Fig. 3). On the other hand, Hvib/Hctl ratios did 

show significant trends after TENS stimulation. Examples of Hvib/Hctl ratios are shown in Fig. 2 for 

one subject with severe spasticity who received both TENS (subject 9; Table 1) and placebo (subject 5; 

Table 1) treatments. Hvib/Hctl ratios in this subject were highly consistent when measured on two 

occasions, one week apart (30.4% and 29.7%, Fig. 2A and B). Furthermore, they showed a sigmflcant 

reduction following TENS but not placebo stimulation (Fig. 2). It is noteworthy that this improvement 

was evident in 7 of the 11 subjects receiving TENS treatment, but in none of the subjects receiving 

placebo stimulation. Table Il contr~sts the effects of stimulation on the reflex measures between 

treatment and placebo groups. In two subjects of the treatment group, the reduction in Hvib/Hctl ratios 
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Table Il. A comparison of reflex responses before and after 2 and 3 weeks of TENS 
and placebo stlmulat Ion 

TENS Treatment Group 

SubJect Hvib/Hctl SR/M Area 
Control 2 weeks 3 weeks Control 2 weeks 3 weeks 

1. 534 53.3 37.0 10.0 
2. 17.0 17.7 4.3 82.0 84.0 67.0 
3. 80.9 92.9 86.4 27.0 20.0 28.0 
4. 43.2 38.6 52.9 53.0 148.0 30.0 
5. 81.7 54.8 29.0 29.0 18.0 
6. 24.2 19.6 19.7 16.0 34.0 17.0 
7. 29.8 22.2 3.1 51.0 63.0 45.0 
8. 96.3 94.7 103.2 60.0 42.0 44.0 
9. 30.1 16.9 25.9 100.0 66.0 66.0 
10. 96.3 3.5 2.7 48.0 71.0 21.0 
11. 81.4 36.5 72.2 

Mean - 57.7 39.6" 42.5· 50.3 61.9 34.6"" 
5.0. = 30.3 31.8 36.7 25.7 38.8 20.2 

Placebo Grou!;! 

1. 80.9 88.3 99.6 37.0 34.0 
2. 81.7 46.8 82.3 65.0 21.0 42.0 
3. 76.9 90.9 77.0 49.0 73.0 58.0 
4. 75.6 80.8 78.2 53.0 66.0 
5. 30.1 44.5 20.5 100.0 85.0 69.0 
6. 84.3 74.7 50.7 104.0 118.0 105.0 

Mean = 71.6 71.0 68.1 68.0 66.2 68.5 
5.0 ... 20.6 20.5 28.1 27.8 35.1 26.7 

p=0.02 
•• p-O.OS 
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was marked (from 29.8% ta 3.1 % in subject 7; and from 963% ta 2 7% in subject 10; Table Il). For 

the four subjects in whom these ratios did not change, one was among the oldest subjects (75 yr., 

subject 1), one had very 10nQ-~téi~ding hemlplegia (85 ma., subject 8), and one had variable responses 

(subject 4). The fourth subject (subll"ct 3 in the treatment group and subject 1 in the placebo group) 

had very consistent results in ail 6 testing sessions. 

Table " showed that the me an group HVlb/Hctl ratios were significantly decreased (F= 7.08, 

p=O.02) following TENS (from 57.7% to 39.6% and 42.5%) but not placebo stimulation (from 71.6% to 

71.0% and 68.1%). These changes are graphically depicted in the histograms of Fig. 3 as percentages 

of their respective control values. In the figure, the mean HVlb/Hctl ratios following two and Ihree 

weeks of TENS stimulat ... m were 70.3 ± 35.0% and 68.9 ± 40.6% respectively compared to placebo 

stimulation (104.7 ± 30.3% and 92.6 ± 23.8% respectively). 

EFFECTS OF TENS AND PLACEBO STIMULATION ON STRETCH REFLEXES 

TENS, but not placebo stimulation, increased the onset angle and decreased the magnitude of 

stretch responses. Following three weeks of TENS treatment, stretch reflex onset angles were 

increased by 134.6 ± 69.7% compared ta placebo stimulation (1059 ± 31.1%). The apparent 

prolongation of stretch reflex onsets following TENS however, was non-slgnificant (p=0.11), possibly 

due ta the high inter-subject variability in this measure. On the other hand, SR/M areas were sig­

nificantly reduced, from 50.3 ± 25.7% ta 34.6 ± 20.2% after three weeks of TENS treatment compared 

to placebo stimulation (from 68.0 ± 27.8% to 68.5 ± 26.7%; F=4.03, p=0.05, Table Il). Note however, 

that this reduction was not apparent after two weeks of treatment. 

EFFECTS OF TENS AND PLACEBO ON MAXIMAL ISOMETRIC VOLUNTARV CONTRACTIONS 

ln a previous study, it was found that overall EMG and force c:ta\a recorded from the non-affected 

leg of hemiparetic subjects, did not differ from that obtained in the legs of normal subjects (Levin and 

Chan, 1990b). Therefore, we felt justified in comparing the effects of TENS and placebo stimulation 

on these measurements between the affected and non-affected legs of our hemiparetic subjects 



~ 

Fig 3. 

0/0 Control 
200 
190 
180 HlM 

170 
160 
150 
140 
1,30 
120 
110 
100' Il 

90 
80 
70 
60 
50 
40 
30 
20 
10 
O'L-----

After 

2weeks 
After 

3weeks 

H REFLEX 

Hvib/Hctl 

* 

After 

2weeks 

* 

After 

3weeks 

D Placebo 

_ TENS 

Histograms of the effects on HlM (Ieft) and HviblHctl (right) ratios expressed as a percentage of pre·stimulation 
control values alter two and three weeks of TENS (lilled columns) and placebo stimulation (open columns) 
·p-O.02. 

... ~ 

1\) 

U1 

......J..~ 



1 126 

The most stnking result 01 our TENS treatment was a marked Improvemenl 111 dorSlllexlon lorce 

in the affected legs 01 hemiparetic subjecls. This eflect 15 Illustrated by data Irom one 5ubJect ln Fig 4 

It was apparent that the signllicant improvement ln dorslflexion force was accompanled by a decrease 

in co-contraction of the antagonistic soleus muscle For example, ln this subJect, the me an control co­

contraction ratio was 38% and the mean maximal force 1 4 kg After 2 weeks of treatment. the co­

contraction ratio did not change (38%), but the me an maximal force Increased 10 34 kg By the end 01 

three weeks of treatment, the co-contraction ratio was decreased to 18% along wlth an even greater 

Increase in force to 7 4 kg. 

Following three weeks 01 TENS stimulation, mean maximal dorslflexlng lorce had increased to 

5.5 ± 2.9 kg in the TENS group but only to 3.7 ± 2.9 kg in the placebo group. Compared to control, 

this improvement was significant lor the TENS (F",4.40, p<0.05) but not the placebo group (F=1.09, 

p=O.37). Figure 5 shows the changes in maximal plantar- and dorsillexlon lorce as percentages of thelr 

pre-stimulation control values for both groups. For dorsiflexlon, the improvement ln force was 

remarkable for the affected but not the non-aftected leg, anrt ranged Irom 105% to 920% of control 

values. Allhough plantarflexion force showed improvement following TENS and placebo stimulation ln 

both affected and non-affected legs, the magnitude 01 the improvement was slmllar lor bath stimula­

tions, with no signllicant dlfference being found between group means. 

Since we had previously found that EMG co-contraction ratios were qUite stable across days for 

dorsiflexion (r=0.99) but not lor plantarflexion (r=O 53; Levln and Chan, 1990b), only the former ratios 

were considered here. After Iwo weeks of TENS stimulation, co-contraction ratios dld not change for 

either TENS (44.0 ± 25.0%) or placebo (53.0 ± 26.0%) stimulation However, a marked reductlon was 

ev ide nt in co-contraction ratios alter three weeks of TENS (33.7 ± 238%, F=4 13, p<O.05), but not 

after three weeks of placebo stimulatIon (43.5 ± 26.1%; F=1 57, p=O 25). For plantarflexlon, co-contra\..­

tion ratios of the affected legs were not dlfferent from those of the non-affected legs, nor were they 

affected by elther type of stimulation. 
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DISCUSSION 

Our main flndings from this study demonstrate that repeated TENS applications significantly 

Improved subjective spasticity concomitantly with reflex and vOluntary motor control in spastic 

hemiparetic subjects. Specifically, TENS reduced spasticity scores, increased vibratory inhibition of the 

H reflex, decreased the magnitude of soleus stretch reflexes, and improved dorsiflexion force with a 

simultaneous decrease in EMG co-contraction ratios. The results of this study confirmed earlier findings 

in spastic hemiparetic subjects, of enhanced vibratory inhibition of the H reflex following nine daily 30 

min TENS treatments to the Iow back (Hale and Chan 1986b). In that study, although non-significant, 

trends towards improved HlM ratios and reduced stretch reflex magnitude measures were also report­

ed. Our two studies in patients with central spasticity, agree with two previous reports of therapeutic 

TENS interventions in spinal spasticity. In one report, 20 min of TENS applied segmentally over the 

L3/4 dermatome in spastic spinal cord injured subjects, resulted in a marked Immediate decrease in 

knee extensor spasticity as measured by pendulum testing (Bajd et al., 1985). The reduction in 

spasticity outlasted the period of stimulation for up to two hours. Similarly, hetera-segmental TENS 

stimulation on the skin overlying the dorsal coiumns of the spinal cord (Iow cervical, high thoracic 

reg ion) applied continuously for 2 weeks decreased spasticity and improved maximal voluntary flexor 

and extensor knee torque in 49 multiple sclerosis patients (Fredriksen et al., 1986). 

Spasticity has been attributed to hyperactivity and abnormal organization in mono- and poly­

synaptic reflex pathways (Lance, 1980; Nichols, 1989). Amang other factors, this may result from a 

lowering of stretch reflex thresholds in spastic muscles (Feldman, 1986; Powers et al., 1988). Indeed, 

H and stretch reflex latencies, which may reflect thresholds, are decreased in spasticity, white stretch 

reflex magnitude measures (HlM ratios and SR/M areas) are enhanced (Ashby and Verrier, 1976; Hale 

and Chan, 1986a; Levin and Chan, 1990a). 

Despite the obvious hyperactivity in stretch reflexes, we had found neither latency nor magnitude 

measures to be correlated with the severity of clinical spasticity in spastic l1emiparetic patients in 

previous studies (Hale and Chan, 1986a; Levin and Chan, 1990a). However, a significant correlation 

l' was found between the seve rit y of spasticity and the reduction in dorsiflexion force (Levin and Chan, 
, . ... 
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1990b). This relatlOnship suggested that an amehoratlon of spastlelty eould be mantlested by an 

Improvement ln voluntary dorsillexion This indeed was what we lound m the affeeted leg 01 hemlpare· 

tiC subjects alter 3 weeks 01 TENS application to the common peroneal nerve As Il will emerge below, 

thls findlng also provlded sorne Insights into the mechanrsms underlymg the Improvement 01 spastlclty 

and voluntary control following TENS but not placebo stimulation. 

EFFECTS OF REPETITIVE TENS APPLICATIONS IN SPASTIC HEMIPARETIC SUBJECTS 

Large diameter afferent (Group A; via dorsal column stimulation) medlated suppression 01 C·flbre 

evoked transmisSion ln splnothalamlc tract palhways has been descnbed ln pnmales (Foreman et 

al ,1976). ThiS mechanrsm may explain the suppression in percelved pain durrng thls type 01 

stimulation. However, the effects of longer-term low-threshold afferent stimulation on transmiSSion in 

pathways mediating spasticity have not prevlously been investigated. The TENS parameters (Iow 

intensity, high frequency) used in the present study had been shown prevlously to aeltvate large 

diameter afferents (Levln and Chan, 1988) Taken together wlth our present Imdrngs, repelllive stimula· 

tlon of large diameter afferents via TENS over a perrod 01 tlme (weeks) could lead 10 a redl.!cllon ln 

spasticlty simultaneously wlth an Improvement ln voluntary motor control More specllically, TENS 

applied to the common peroneal nerve Increased vlbratory inhibition of the H reflex ln the anté\gonist 

extensor muscle in chronic hemiparetic subJects. This effect was not eVldent alter a Single session 01 

TENS (cf. Chapter 4), but only after two weeks of daily stimulation and seemed to plateau afier that 

time period (Fig. 3). These results confirmed our earlier findings in spa5tlc hemiparetlc subJects 01 

enhaneed vibratory inhibition of the H reflex followlng nlne, dally 30 min TENS treatments 10 the low 

back (Hale and Chan, 1986b). Although the eVldent..d 15 Indirect. vlbratory Inhibition 01 the H reflex has 

been attributed to presynaptlc inhibition in group la terminais (Glllies '3t al, 1969, Burke et al, 1976) 

Thus, increased vlbratory inhibition of the H reflex by repetitive TENS may have been exerted via an 

enhancement of presynaptic inhibition which has been shown to be suppressed ln hemlpleglc spasticlly 

(Ashby and Verner, 1976). 

ln addition, an enhancement of reciprocal inhlbitron Irom the flexors to extensors could contrrbute 

to the decreased ~xtensor muscle spastlcity and the Improvement ln flexor muscle funetlon However, 
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the results of the study reported in the prevlous chapter ln whlch TENS was found to produce slmllar 

effects on reflex latencies independent of the site of application (segmental versus heterosegmental), 

makes this Interpretation unllkely. Taken together, these results suggested mstead, that repetltlve TENS 

applicatIOns may indeed be Increasmg presynaptic inhibition, but that thls effect IS only eVldent after a 

cntlcal length of time (see below). 

Repetitive stimulation of low-threshold afferents may also have caused the release of Inhibltory 

neurotransmitters medlallng the decreased spasticlty and reflexes, and the recovery of voluntary motor 

function. Indeed, dramatlc reductions in spasticlty and Improvements ln motor control have been 

reported following the administratIOn of oplolds ln spastlc patients (Erickson et al, 1989) ln addition, 

repetltlve TENS Increased protem and opio Id levels in the cerebrospinal fluid and blood plasma of 

normal subjects and pain patients (Almay et aL, 1985; Facchinetti et aL, 1984; Salar et al, 1981). 

Thus, our findings may partially be explained by the triggered release of oploids or other Inhibitory 

neuromodulators. We suggest that this would provide an interesting sUbJect for further investigation. 

Il was most surprising that TENS traatment also rp.sulted in a stnklng Improvement in the 

strength of the dorsiflexors but not that ai the plantarflexors. The improvement, however, was incom­

piete, being still weil below the mean dorsiflexion force generated jr the same standing position by the 

non-affected legs (Lewl and Chan, 1990b). This improvement in dorslflexor functlon cannot be 

explained by a training effect, since ail subjects were long past the tlme ln which the majority of 

recovery of function occurs (Moscowitz et aL, 1972). Certainly, placebo stimulation had no effect on 

these parameters (Fig. 5). Furthermore, none of the subjects was undergoing other treatment or 

training during the study period. The Improvement al 50 cannot be explamed by alteratlons ln motor unit 

properties known to be changed ln spastic extensor but not weak flexor muscles (Edstrom, 1970; Sica 

and Sanz, 1976). At least two concurrent mechanisms may contnbute to the reflex and voluntary 

abnormalities in spasticlty. On the one hand, decreased stretch reflex thresholds may result in 

hyperactive segmental reflex excitability. On the other, It may be assumed that part of the motor dellcit 

in the weak dorsiflexors in hemiplegia is related to a lack or decrease of descendlng excitation to 

flexor motoneurons (Bur1<e, 1988). Thus, in spasticity, hyperactive segmental actlvity could effectively 

'mask' or override any underlying descending motoneuronal excitation. This would result ln an even 
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more marned decrease in dorsiflexion force. Repetitive TENS stimulation ma.,. have Improved 

dorsiflexor functlOn by decreasing plantarflexion (soleus) stretch reflex hyperexcltablhty, thereby 

'disinhibitlng' or 'unmasklng' underlying neural pathways to dorslflexor motoneurons At the same time. 

as our results Indlcate, the recovery of force would not be complete slrce the descendlng command 

wou Id remaln impaired. 

The lime course of these Improvements cannot be judged based on the few studles to date 

However, these results concur wlth the suggestion that there may be a cntlcal duratlOn or therapeutlc 

threshold for diSlnhlbitlOn or restitution of functlOn followlng multlmodal stimulation (Walsh and 

CummlnS, 1976). The critlcal tlme period is unknown Single 30 or 45 mm TENS treatments applied to 

simllar segmental sites, l'lad no Immediate effects on HVlb/Hctl ratios or stretch reflex magnitudes (Hale 

and Chan, 1986a; Chan and Levin, 1990). However, reflex thresholds in terms of latencles were 

already prolonged alter only a single 45 min session of TENS stimulation to the common peroneal 

nerve (Chan and Levin, 1990). According to our results and those of a previous study (Hale and Chan. 

1986b), il appeared that three weeks of stimulation were necessary, at least before changes ln both 

reflex magnitudes (Fig. 3 and Table Il) and co-contraction ratios during maximal voluntary contractions 

became evident (Fig.4). These changes appeared to be preceded by Increased presynaptlc Inhibition 

and improved clinlcal spasticity, which became signlficant after only two weeks of stimulation (Table Il 

and Fig. 1). In summary, these results suggest that the mitlal Improvements ln spastlclty and dorsl­

flexion force ev ide nt alter two weeks of TENS stimulation may have been due to an enhancement ln 

presynaptic inhibition. Further improvements in dorsiflexlng force appeared to have resulted from 

decreased stretch reflexes associated with decreased co-contraction, only eVldent after three weeks of 

stimulation 

Considering the tlme course of Improvement bemg ln terms of weeks, the changes may have 

been medlated by several plastic mechanisms. Possiblilties Include sproutmg of Intact descendlng 

pathways maklng new synapses with motoneurons (Goldberger and Murray, 1978) and/or unmasklng 

or reorganizatlon of somatosensory-motor cortical connections (Bach-y-Rlta, 1981) 

---------~ ~~--
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CLiNICAL IMPLICATIONS 

Low-intensity TENS is a cllmcally accessible, non-invasive electrical stimulation technique 

currently used in the physlotherapeutic treatr :ent of pain disorders. This study reports that repeated 

applications of TENS decreased clinical spasticity and hyperactive reflexes ln lower 11mb plantarflexors, 

and improved motor function of dorsiflexors in chronic spastic hemlparetic subjects It is important to 

note that these changes were directly a result of the TENS intervention, since riO effects were evident 

following placebo stimulation. Furthermore, these patients had been stable, showmg no improvement 

prlor to TENS intervention. The use of TENS therefore, appears to be an effective adjunct in the 

cllnlcal approach to the treatment of spasticity and the retraming of sensorimotor functions in 

hemiparetic patients. 

~~ ---~------------------
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CHAPTER 6 

SUMMARY AND STATEMENT OF ORIGINAL CONTRIBUTIONS 
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ln accordance wlth Section 6a of the Guidelines Concernlng Thesls Preparation, 

contributions to original knowledge are indicated by asterisks ln the summary of the principal 

findlngs listed below. 

1 As stated in Chapter 1. INTRODUCTION, these expenments were concerned 

wlth elucldatlng the immedlate (after one session) and longer-term (after 15 sessions) effects 

ot TENS on spastlclty, reflex organizatlon and voluntary motor control. Prlor to exammlng the 

effects of TENS, clmical spasticity scores, reflex responses and maXimal voluntary contrac-

tions of the ankle were compared between normal and spastlc hemiparetlc subJects. In par­

ticular, thelr reproducibllity as stable, repeatable measures was investlgated in the hemlparetic 

population. 

2. Since a mechanical stretching device was used in the Methodology, the 

question of the conSlstency ot the input stretch stimulus was addressed in the tirst study. In 

spite of the mechanical nature of the device and the presumed difference in muscle tone 

between normal and spastic Iimbs, the velocity and total displacement of the mput were not 

dlfferent between the two sUbJect groups, nor across the vanous testing sessions The mean 

velocities of the perturbations ranged from 450.2 to 511.0o/sec and the me an dlsplacements 

ranged from 31.4 to 34.0 degrees. 

*3. In the hemiparetic group, inr:If,dual spasticity scores, HlM ratiOS, HVlb/Hctl 

ratios, stretch reflex onset angles and areas were highly reproducible across days The 

interclass correlation coeffiCients for these measures were. r=O 87, 094., 091, 093, and 0.71 

respectively. However, stretch reflex latencies and durations were not reproduclble over 

dlfferent testing sessions (r=O 44, 0.20). These results indicated that, with the latter two 

exceptions, clinical spasticity and reflex measures cou Id be reliably compared when recorded 

ln the same patients on dlfferent days. 
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4. Compansons of soleus reflex measures between spastic hemlparetlc and age-

matched normal subjects revealed the presence of spasticlty 

*a) H reflex latencles were slgmllcantly shorter (28.6 ± 1.6 msec compared to 

30.3 ± 1.7 msec; p<O 05). 

b) Stretch reflex latencles were sigmflcantly shorter (476 ± 18.2 msec compared 

to 629 ± 12.9 msec; p< 0.05). 

c) HlM ratios were slgmficantly Increased (66.8 ± 29.5% compared to 42.2 ± 

17.0%; p<0.05), whereas HVlb/Hctl ratios were unGhanged in this group 01 

patients. 

d) Stretch reflexes durations were longer (74.5 ± 164 msec compared to 575 ± 

15.5 msec; p<0.05) and areas (SR/M area) were slgnlflcantly larger than 

normal (471 ± 131% compared to 19.8 ± 131%: P< 0005) 

5. In examimng the degree of correlation among the three cllnical spaSllclty 

measures, an Interesting linding emerged. Namely, the seve nt y of clonus vaned slgnlflcantly 

with the resistance to passive stretch (r=0.82, 0.65*) Among the physlologlcal measures, only 

HlM and SR/M ratios were slgnlficantly correlated (r=O 76, 075*) FlJrthermore, spastlclty 

scores showed non-slgnlficant though fairly consistent relallOnshlps wlth HVlb/Hctl ratios 

(r=0.42, 0.43), SR/M areas (r=0.55, 0.46) and SR onset angles (r=-O 30, -0 54) 

Our results are thus in accordance with the lindings of prevlous Investlgators that the 

changes in segmental reflex excitability were not weil correlated wlth the degree 01 cllmcal 

spasticity. These observations implied that reflex measures alone may not be adequale 

indicators of the seventy of spasticity Consequentll/, they are unllkely 10 reflect changes ln 
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clinlcal spasticlty due to therapeutic interventions. 

*6. The second study reports, for the first Ume, a comparison of vOluntary ankle 

muscle activation between age-matched normal and hemiparetic subjects in the functional 

position of standing. 

*7. Agonist EMG area, co-contraction between agonlst and antagonist muscle 

pairs, and force generated by maximal isometric contractions of the ankle muscles in non­

affected legs of hemiparetlc subjects were not dlfferent from those of normal subjects. The 

only significant dlfferences were in the amount of antagonist EMG dunng plantarflexlon and 

the time to develop maximal force. Therefore, data obtained from the non-affected legs were 

used as control valul:!s, instead of the potentially more heterogeneous data obtamed from 

normal subjects 

·S. Maximal and mean force generated by voluntary Isometric contraction of the 

affected ankle muscles were highly reproducible when the same hemlparetlc subjects were 

tested on two different days, wlth r=O 78 and 0.87 respectively during plantarflexlon and 

r=0.95 and 0.87 during dorsiflexion. However, EMG areas and co-contraction ratios generated 

du ring voluntary plantarflexion of the affected leg were vanable. In contrast, agonist EMG 

area (r=O.91) and co-contraction ratios (r=O.99) generated dunng voluntary dorSlflexion were 

highly stable measures in the affected leg. Therefore, force measurements for both directions 

of ankle conti actions, and EMG measures during dorsiflexion, are reliable indices for 

purposes of comparison over tlme. 

*9. Comparisons of maximal vOluntary isometric contractions in the standing 

position between the affected and non-affected legs of spastic hemiparetic subjects revealed 

marked deficlts which are outlined below. For bath plantar- and dorslflexion, agonist EMG 

areas in the affected leg were slgnificantly reduced (x=51.2 compared to 81.43 uV.s for 
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plantarflexion, p<0.001, x=635 compared to 161.1 uV.s for dorslflexlon, p<O 001) Antagonlst 

EMG was not changed during plantarflexion, but was increased dunng dorslflexlon (p < 

o 001). These changes ln agonlst and antagonlst EMG areas led to altered co-contraction 

ratios. The latter were significantly Increased tor the dorslflexlon task (x =42 1 % compared to 

13.8%, p<0.001) For bath tasks, maximal force production was reduced ta approxlmately rial! 

of that generated by the non-affected leg Force onset, as weil as the lime la develop 

maximal force were prolonged (p<O 001) in affected legs of the spastlc hemparetlc group. 

*10. The presence of spasticlty may be more slgnlflcantly related ta the dellclt ln 

voluntary motor control th an to abnormalities ln reflex pathways This study reports for the 

first tlme, a significant relatlonshlp between the level of spastlclty and the amount of co­

contraction dunng isometric ankle dorsiflexlon ln the standing posItIOn (r=-O 68, p<O 05) 

Furthermore, the level of spasticlty was also significantly and Inversely related to the maximal 

dorsiflexlon force developed by the affected leg (r=-O 65, p<O 05) These flndlngs also have 

important implications for the measurement of spastlcity when evaluatlng Ihe effects of 

treatment Interventions. 

*11. The last two (third and fourth) studies investlgated the effects of repetltive 

transcutaneous electncal nerve stimulation (TENS) on spasticlty, reflex and voluntary motor 

control in spastic hemiparetic subjects, The main goal of these studles was to tnvestigate the 

mechanlsms of poSSible changes due ta TENS intervention 

1. The third study was concerned wlth the Immediate effects of one, 45 min 

TENS treatment The effects of TENS apphed to two locations was compared 

to placebo stimulation. This study revealed that both segmentally and hetero-

segmentally applied TENS caused an Immediate and long-lasting (up 10 60 

min) prolongation of H and stretch reflex latencles The latter ftndlnQ may be 

taken to reflect an increase in stretch reflex thresholds. These results further 

suggested that· 
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a. the mechanism for the increase in latencies IS likely to be non­

segmental slnce segmental and heterosegmental stimulation were 

found to be equally effective. 

b. repetitive electncal stimulation may be triggenng the release of long-

lasting inhibitory neuromodulators. 

2. The fourth study investigated the longer-term effects of repetitively applied 

TENS (15 daily, 60 min sessions over a period of 3 weeks). This study 

demonstrated that longer-term TENS reduced chnical spasticlty, Hvib/Hctl 

ratios and SR/M areas. Associated with the improvements in chnlcal and 

reflex measures was an increase in dorsiflexion force and a decrease ln co­

contraction. These results suggested that: 

a. the improvement ln voluntary motor function may be related to a 

decrease in spasticity. 

b. the mechanism of the improvement may be an Increase ln presynap­

tic inhibition, the release of inhibltory neurotransmitters and/or plastic 

changes. This could result in decreased reflex excltability which 

'unmasked' underlying descending excitatory pathways to moto­

neurons. 

*12. The overall conclusion of these studies is that repetitive TENS stimulation 

decreases the excitability of segmental reflexes and improves dorsiflexion function in spastic 

hemlparetic subjects. One of the contnbuting mechanisms to these improvements is likely to 

be an enhancement of presynaptic inhibition leading to an 'unmasking' of resldual motor 

control. 
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