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Preface

Stnacture of the dissertation

According to the Guidelines for Thesis Preparation trom McGill University's Faculty of

Graduate Studies and Research, a dissertation may include the text of one or more papers

that have a1ready been published or that are intended for publication. Specifically, the

guidelines state that

Candidates have the option of including, as part ofthe thesis, the text ofone or

more paper submitted or ta he submitted for publication, or the clearly-duplicated

text ofone or more published papers. These texts must he bound as an integral

part ofthe thesis.

Ifthis option is chosen, CONNECTING TEXTS nIAT PROVIDE LOGICAL

BRIDGES BE1WEEN THE DIFFERENT PAPERS ARE MANDATORY. The

thesis must he written in such a way that is more than a Mere collection of

manuscripts; in other words, results ofa series of papers must he integrated.

The thesis must still conform 10 all other requirements ofthe "Guidelines for

Thesis Preparation". THE TIlESIS MUST INCLUDE: A Table ofContents, an

abstract in English and Frenc~ an Introduction which clearly states the rationale

and objectives ofthe study, a comprehensive review of the literature, a final

conclusion and summary, and a thorough bibliography or reference list.

Additional materia! must he provided where appropriate (e.g. in appendices) and

in sufficient detail ta allow a clear and precise judgement te he made ofthe

importance and originality ofthe research reported in the thesis.

In the case ofmanuscripts co-authored by the candidate and others, THE

CANDIDATE IS REQUIRED TO MAIŒ AN EXPLICIT STATEMENT IN

TIIE lHESIS AS TO WHO CONTRIBUTED TO SUCH WORK AND TO

WHAT EXTENT. Supervisors must attest te the accuracy ofsuch statements at

the oral doctoral defense. Since the task ofthe examiners is made more difficult in

these cases, it is in the candidatets interest to make perfectly clear the

responsibilities ofall the authors of the co-authored papers.
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In keeping with these guidelines, 1 have chosen to inc1ude the text of a paper that has

already been published (Manuscript #1) and the text of a paper that is intended for

publication (Manuscript #2), among the sections of the dissertation. Although there is no

thesis section between the Manuscript #1 and Manuscript #2 to provide "a connecting text

that provides a logical bridge", 1 believe 1 have still fulfilled the intent of those

requirements. Manuscript #1 is essentially a methods paper which logically precedes the

experimental study reported in Manuscript #2. Furthermore, the thesis sections that

precede and succeed it ensure that the thesis is "more than a Mere collection of

manuscripts".

Manuscript #1 was published in the Archives of Physical Medicine and Rehabilitation

(August 1995; vol 76, pages 772-778) within their publication category of Prosthetics,

Orthotics and Devices. As such, it is principally a description of the harness support and

treadmill devices. Although it was not the objective of the thesis projeet to develop this

apparatus, it is essential to understand the features of the harness support and treadmill in

order to understand how the results were obtained in Manuscript #2, and the implications

regarding the abilities of the participating subjects. In accordance with the instructions for

authors in the Archives of Physical Medicine and Rehabilitation regarding the publication

category of Prosthetics, Orthotics and Deviees, the "Results" section of the paper is

composed ofcase reports that illustrate the use of the device. Thus, it was appropriate for

this manuscript to describe only hamess-using subjects rather than aU of the subjects who

participated in this doctoral project. Furthermore, only two case reports were required to

achieve the objective of demonstrating the utility of the device. The subjects of the case

reports are also included in the results within Manuscript #2: the subjects ofCase Reports

1 and 2 are subjects H4 and Hl, respectively, in Manuscript #2. In keeping with copyright

regulations, the content of this manuscript is not different from the published version (see

below: "The text and authorship ofManuscript # lit).

Manuscript #2 is a detailed report of the rationale, methods, results and discussion

regarding the thesis project and it will be submitted for publication in a shortened form.

The other sections of the dissertation have been included to support this paper and to

11
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follow the Guidelines for Thesis Preparation. Manuscript #1 provides a detailed

description of the apparatus used for the thesis project and thus may be considered as part

of a description of methods for the dissertation. The Introduction and Review of

Literature sections ofthe dissertation provide the rationale, objectives and background for

the development and design of the project. Thus, there is sorne overlap between these

sections of the dissertation and the Introduction and Discussion sections of Manuscript

#2, although the information is less detailed in Manuscript #2. Similarly, there is sorne

overlap between the Discussion section of Manuscript #2 and the Summary and

Conclusions section ofthe dissertation.

The reference lists for Manuscripts #1 and #2 have been removed from those sections and

the Iists of references merged, along with the references from other sections of the

dissertation. There is thus a common References section with all references in alphabetical

order at the end ofthe dissertation.

The test and authorship oC Manuscript #1

The text ofManuscript #1 has been reproduced here exactly as it was published except for

a1tered formatting of references and correction of a spelling error that passed undetected

in the galley proofs. The references have been re-formatted such that the author's(s')

name(s) and the year of publication appear in the text instead ofsuprascript numerals, and

the list of references has been merged with references from other sections, as described

above. In addition, several peripheral elements necessary for publication (e.g. list of

equipment suppliers, acknowledgements, etc.) have been omitted from the tex!

reproduced in this dissertation.

AlI of the data presented in the case reports of the manuscript were gathered, analyzed

and prepared for presentation by myselt: the candidate. Furthermore, every draft of the

manuscript tex! and figures prior to and including the published version were created by

myself: The co-authorship of A. Pép~ M. Ladouceur and H. Barbeau reflects their

contribution to the work. The construction of the treadmill and harness proceeded

principally under the direction of H. Barbeau, with participation from A. Pépin, M.

m
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Ladouceur and myseIt: among others. AIl three of the co-authors, but especially A. Pépin,

assisted in the evaluation of the subjects described in the case reports of the manuscript.

AlI three of the co-authors provided constructive criticism and useful suggestions during

the development of the manuscript prior to submission. The manuscript was accepted by

the journal without any revisions; the note on the published teX! regarding revision reflects

that the editorial staff of the journal made minor grarnmar and style changes prior to

publication. AlI of those minor changes have been incorporated into the text reproduced in

this dissertation.
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Abstract

Most new cases of spinal-cord-injured (SCn persons in Canada have incomplete loss of

sensory and/or motor function, but ooly a minority are able to walle The study of animal

models ofspinal cord injury, especiaIly the chronic spinal cat, has shown that monoaminergic

drugs can modulate locomotion and spinal reflexes. Clonidine, a noradrenergic agonist, and

cyproheptadine, a serotonergic antagonist, have each been associated with improved walking

in SCI subjects. Bac1ofen, a GABA agonist, is frequently prescribed for spasticity in SCI

patients, but its effeets on walking have not been quantified. The objective of this doctoral

project was to compare the effeets ofclonidine, cyproheptadine and baclofen on walking in

incomplete SCI subjects. Subjects were evaluated on a motorized treadmill. Severely disabled

subjects required hamess support for their evaluations. The treadmill and harness system are

described in detail, and their potential uses in the evaluation and rehabilitation of gait are

discussed. A repeated singie-subjeet design was employed for the twelve subjeets. The

greatest effects were found in the the subjects with greater severity of disability.

Cyproheptadine was associated with greatly reduced need for assistance, increases in

maximum treadmill speed (MTS) and reduced clonus, among other improvements in walking

patterns. Clonidine was associated with increases in MTS, and a generally more upright

posture, among other improvements in walking patterns. Baclofen was not associated with

changes in walking, although two subjects showed smaiI improvements following washout

ofbaclofen. Among subjects with less severe motor disabiIity, drug effects were less marked.

Following washout of cyproheptadine or clonidine, subjects frequently retained walking

improvements such as increases in MTS and reduced need for assistance that had tirst been

evident in the drug periods. The significance and implications of the drug effects and the

retention ofeffects during washout periods are discussed. It is concluded that clonidine and

cyproheptadine have different effects but both appear useful for severely disabled SCI

subjeets. The effects ofbaclofen on walking after spinal cord injury remain unclear.

VII
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Abrégé

La plupart des nouveaux cas de patients ayant une lésion de la moëlle épinière (LMÉ) au

Canada présente une perte partielle des fonctions sensorielles et/ou motrices. Cependan~

seule une minorité de cette population est en mesure de marcher. L'étude chez le chat

spinal ayant une LMÉ a montré que les drogues monoaminergiques sont importantes dans

la modulation de la locomotion et des réflexes spinaux. La clonidine, un agoniste de la

noradrénaline, et la cyproheptadine, un antagoniste de la sérotonine, ont déjà été associées

à une amélioration de la marche chez certains sujets ayant une LMÉ. Le baclofen, un

agoniste du GABA, est souvent prescrit aux patients ayant une LMÉ pour réduire la

spasticité, mais les effets de cette drogue sur la marche n'ont pas été quantifiés. L'objectif

de ce projet doctoral était de comparer les effets de la cyproheptadine, de la clonidine et

du baclofen sur la marche chez les sujets présentant une LMÉ. L'importance de la perte de

la fonction motrice variait entre les sujets. Les sujets étaient évalués sur un tapis roulant

motorisé et ceux présentant des déficits sévères avaient besoin d'un harnais de support

durant leurs évaluations. Le tapis roulant et le harnais sont présentés de façon détaillée, et

l'utilité de ces appareils pour l'évaluation et la réadaptation de la marche est discutée. Un

protocole expérimental de mesures répétées a été utilisé pour les douze sujets. Les sujets

présentant des déficits plus sévères ont présenté des changements plus importants. La

cyproheptadine est associée à une diminution du besoin d'assistance à la marche, à

l'augmentation de la vitesse maximale sur le tapis roulant (VMTR), et à une réduction du

clonus, parmi d'autres améliorations du patron de marche. La clonidine est associée à

l'augmentation de la VMTR, et à une posture plus verticale, parmi d'autres améliorations

du patron de marche. Le baclofen n'est associé à aucun changement important de la

marche. Cependant, deux sujets ont montré une légère amélioration de la marche après le

retrait du baclofen. Les effets des drogues sont moins importants chez les sujets

présentant des déficits moins sévères. L'amélioration observée avec les drogues, telle que

l'augmentation de la VMTR, est encore présente chez certains sujets après le retrait de la

clonidine ou de la cyproheptadine. L'importance et les implications des effets des drogues

et de la rétention de ces effets durant les périodes de retrait sont discutées. En conclusion,

V111
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la cyproheptadine et la clonidine ont des effets différents, mais les deux semblent être

utiles pour les sujets dont les déficits sont plus sévères. Les effets du baclofen sur la

marche après une LMÉ demeurent incertains.
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Introduction
Spinal cord injury often leads to profound disability including a limited ability to walk. Most

spinal-cord-injured (SCI) individuals rely on a wheelchair for locomotion at least part ofthe

time and many are entirely unable ta walk, even sorne who have partial preservation of

voluntary motor funetion caudal to the spinal cord lesion. This relatively poor prognosis for

walking in many SCI individuals exists despite the importance accorded to walking by many

ofthe SCI individuals themselves as weIl as by clinicians in their measurement of functional

status.

In recent decades, there has been a great deal ofunderstanding gained regarding the spinal

cord circuitry involved in the control ofwalking. SpecificalIy in regards ta the phannacology

of loeomotio~ there is evidence from experiments in several animal species that

monoaminergic systems play roIes in the modulation ofwalking. From experiments in chronic

spinal cats, it was suggested that clonidine, a noradrenergic agonist, and cyproheptadine, a

serotonergic antagonist, may enhance recovery ofwaIking in sel human subjeets. Prelimioary

trials have borne out these suggestions. Each of clonidine and cyproheptadine have been

compared to placebo for their effeets 00 walking pattern in spastic paretic subjects. In these

studies, several subjects have shown improvement in walking with the active drug that was

not seen with the placebo.

Clinical management of spinal cord injury has not incorporated many of the strategies

developed in animaI models for the recovery ofwalking. The use of drug therapy to assist io

the restoration of movement is generally in the forro of antispastic drugs, one of the most

eommon being baclofen. In sorne cases, the reason for using drugs ta reduce spasms and

other signs ofspasticity is to reduce discomfort, pain and/or uncontrolled changes in position.

In other cases, drugs to reduce spasticity are used with the aim of improving voluntary

movement, although direct evidence that the drugs have such an effect is meagre.

The objective of tbis study was to compare the effects of cIonidine, cyproheptadine and

baclofen on the walking pattern of subjects with chronie incomplete spinal eord injury.

1
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Clonidine and cyproheptadine are included in the cornparison because each one has previously

been shown to improve waIking in subjects with incomplete spinal cord injury. Furthennore,

they have been shown to have different effects upon the walking pattern of chronic

spinal-cord-transected cats but no comparative study on the walking pattern in human

subjects has ever been undertaken. The study was made a three-way comparison by the

inclusion of baclofen. Baclofen was included in the comparison because it is frequently

prescribed for this population, because there has been almost no quantitative study of its

effect on the recovery ofwalking, and because the findings in animal models suggest that its

effects on recovery ofwalking should be carefully exarnined.

The design for this study required human SCI subjeets whose injury had been sustained more

than one year prior to entering the study to take each ofthe drugs separately with washout

periods in between drugs. The results have allowed not only a comparison ofthe effects of

clonidine, cyproheptadine and baclofen, but also provided further insight into the potential

for recovery ofwaIking in cases ofchronic spinal cord injury. The comparison of the effects

of these drugs constitutes an original contribution ta the field of rehabilitation science, and

the observations regarding changes in walking in chronic SCI subjeets advance our

understanding in the larger area of recovery ofwalking after spinal cord injury.

In the review of literature, epidemiological evidence is presented that the profile of

neurologicaI recovery in the SCI population has changed such that neurologically incomplete

injuries are more common than neurologically complete injuries in Many areas and this change

has implications for the possibility of recovery ofwalking. Spasticity is a common problem

and a large proportion ofthe SCI population, especially those with severe incomplete injuries,

receive treatment for it. A historical review of pharmacological treatment for spasticity is

presented in which it cao be seen that there has been little study of these drugs' effeets on

waIking. The findings regarding the pharmacological control of locomotion in spinal animais

suggest that many orthe neurotransmitter systems implieated in the modulation of locomotion

are the same systems on which many of the centrally acting antispastic drugs rely for their

2



mechanism. It is thus argued that it is important to evaluate whether drug therapies preseribed

for spasticity have any effect on the recovery of walking, and equally it is important to

evaluate the effects ofdrugs on waIking in human SCI subjects that have been shown to be

important in modulating locomotion in animal models of spinal cord injury.

Many SCI subjeets are too disabled to participate in studies of walking because they are

incapable ofoverground walkïng. The section of the thesis entitled Manuscript #1 contains

the published paper describing the harness support and treadmill that is used to evaluate the

walking abilities ofseverely disabled SCI subjects. As is described in that section, the harness

support deviee used in conjunction with the motorized treadmill pennits the evaluation of

subjects who would otherwise he too disabled to participate in a study ofeffects of drugs, or

any other intervention, on walking pattern. In particular, it pennitted the inclusion of four

severely disabled subjeets in the thesis project regarding the comparison of the effeets of

clonidine, cyproheptadine and baclofen on walking pattern in chronie incomplete SCI

subjects. In light ofthe findings ofthe thesis project, it was very important to use the harness

support deviœ for subjects who required it because subjects of this severity showed the most

marked effect ofdrugs.

The subsequent section entitled Manuseript #2 describes the design, execution and results of

the thesis projeet. The comparison of cyproheptadine, clonidine and baclofen yielded new

knowledge ofthe differences in these drugs wlùle confinning sorne of the findings of previous

studies. In addition, the findings ofthe thesis project suggest a number of implications for the

adaptability of walking in SCI subjects in the years that follow the initial injury. The

comparison of drug effects and the adaptability of walking in chronic SCI subjects are

discussed in the latter part ofthis section of the thesis.

In the final section entitied Summary and Conclusions, the implications of the findings for

further research and for elinical rehabilitation are discussed. As will be seen from the

presentation of the results, it is important for future studies to address issues of the time

course ofdrug effeets and the mechanism ofdrug etfeet when the spinal cord is ooly partly
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disrupted, among other issues. The implications for clinical rehabilitation are numerous. First~

the disabiIity ofthose with chronic incomplete spinal cord injury seems to be more adaptable

than would he forecast from measures oftheir impainnent. This has very positive implications

for long-term recovery of walking. Moreover, there exist pharmacological strategies for

improving walking in chronie SCI patients. These pharmacologica1 strategies have different

effects - a new finding from tbis study - and show the greatest effects in those who are

severely disabled and not usually able to participate in gait training. In additio~ the beneficial

effects ofthese strategies may last longer than the treatments themselves, suggesting that they

create a pennissive effect that may be further developed in a rehabilitation context.

4



•..,

.r
....

REVIEWOFLITERATURE

Spinal corel injury: epidemiology, neurological impairment and spasticity

Traumatic spinal cord injury, a1though relatively uncommon, has severe consequences for

the survivors because of the high proportion with substantial disability. Most spinal cord

injuries in Canada arise during damage to the vertebral column. The damage is sustained

during a motor vehicle accident in approximately half ofail cases, with sports injuries, falls

and work accidents leading to most of the other injuries (Tator et al 1993).

Epidemiological studies of spinal-cord-injured (SCI) cases in Canada and the United

States have 100 to similar conclusions regarding the demographics of the SCI population:

approximately four-fifths of the population is male, and over half are under 30 years of

age at the time ofinjury (Burney et al 1993, Go et al 1995, Tator et al 1993).

The acute care and rehabilitation of SCI patients has greatly changed over the twentieth

century. Barly in this century, more than nine in ten SCI patients died soon after injury

(Gutierrez et al 1993, Ohry & Ohry-Kossoy 1989). Improvements in survival arose partly

from improved management of complications, and partly from improved management of

the spinal injury. For example, Frankel and colleagues demonstrated that the method of

reduction of spinal injuries was related to the outcome in terms of neurological

impainnent (Frankel et al 1969). In this report, they used a classification of neurological

impainnent that came to be commonly used in reporting severity of neurological

impairment from spinal cord injury. The Frankel scale (see Table) was recently

re-examined by the American Spinal Injury Association and International Medical Society

ofParaplegia (ASIAIIMSOP) and a revised impairment scale was created (ASIAlIM:SOP

1992, also Ditunno et al 1994). In the present review, the severity of impairment will

continue to be referred to in terms ofFrankel grades because much of the literature in this

area was published prior to the revised system by ASIAIIMSOP (1992).

Reports of the extent of neurological impairment show varying absolute numbers but

similar trends toward a SCI population in which most individuals have some sensory

function and a large minority have sorne motor function caudal to the lesion level (Stover
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TABLE FOR REVIEWOF LITERATURE

Classification ofneurologieal impairn.ent ruu/tingIrom spinal eord injury

Frankel classification1 ASlA impainnent scale2

Tide Description Tide Description

Complete "... the lesion was round to be complete A Complete "No 5ensOIY Of motof function is preselVed
both motof and sensory below the in the sacral segments 84-85."
segmenta1level ... "1

Sensory ooly "... sorne sensation present below the level B Incomplete "Sensory but not motor function is
of the lesion but ... the motof paralysis was preselVed below the neurologica1level2 and
complete below that level... " extends through the sacral segments

84-85."

Motor useless ft ... sorne motor power present below the C Incomplete "Motor fonction is preselVed below the
lesion but it was of no practical use to the neurologicallevel, and the majority of key
patient. ft muscles below the neurologicallevel have a

muscle grade less than 3."

Motor useful "... sorne useful motof power below the D Incomplete "Motor function is preselVed below the
level of the lesion. Patients in this group neurologicallevel, and the majority of key
could move the 10wer limbs and many muscles below the neurologica1level have a
could walk, with or without aids. " muscle grade greater than or equal to 3. ft

Recovery "... patient was Cree oC neurological E Normal "Sensory and motor function is nonnal."
symploms [weakness, sensory loss,
sphincter disturbance). Abnormal reflexes
may have been present.ft

~:.

1. Frankel et al, 1969. The "segmentallevel'l refers to the neurologicallesion, wruch was indicated to he not necessarily identical 10 the
bony lesion but was not otherwise defined.

2. American Spinal Injury Association / International Medical Society of Paraplegia (ASWlMSOP)t 1992. The "neurologicaJ level" is
defined as "the most caudal segment of the spinal cord with nonnal sensory and motof function on both sides of the body. ft
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& Fine 1986, Tator et al 1993, Ditunno et al 1995) and beyond the zone of partial

preservation immediately caudal to the lesion (ASIAIIMSOP 1992, Mange et al 1992,

Waters et al 1991). Stover and Fine (1986) reported that the proportion of SCI patients

with incomplete injuries increased significantly trom 1973-74 (38.1%) to 1983-84

(53.8%) in the U.S. centres included in their study. More recently, Go et al (1995)

published data from the United States Spinal Cord Injury Model Systems (US-SCIMS)

database that show that the proportion of incomplete injuries reaehed 50% in the period

1978-80 and bas remained above SO% ever sinœ. The proportion of tetraplegie (defined

as having the neurologie injury level at one of the eight segments of the cervical cord) was

slightly greater than half of ail cases from 1973 to 1989, but in the period 1990-92, there

were more new paraplegie cases than tetraplegic cases. Tator et al (1993) reported a

sunilar increase in ineomplete injuries in a Canadian context, from 3S% in an early sample

(1947-73) to 53.8% in a later sample (1974-81). The proportion of tetraplegies was

56.7% in the earlier period and 63.2% in the later periode

The differences in the proportions (of tetraplegia vs. paraplegia, and of incomplete vs.

complete) across countries is likely due ta differences in etiologies. Spinal cord injuries

from violence are much more assoeiated with paraplegia and are more likely to result in a

complete injury. They accounted for 13.901'0 of the SCI cases in the US-SCIM:S database

in 1973-77, and 25.1% of cases in 1990-92 (Go et al 1995) whereas theyaccounted for

under 10% of the cases in the Canadian study (Tator et al 1993). Spinal cord injuries from

sporting activities, commonly from diving, are much more frequently associated with

tetraplegia than with paraplegia, slightly more often incomplete than complete. Sports

injuries accounted for ooly 12.7% of the US-SCIMS total, with a decreasing proportion

over time, whereas in the Canadian report sports injuries accounted for 15.4% of the total

in the earlier period (1947-72) and 22.901'0 in the later period (1973-81). It is important ta

note, however, in comparing the epidemiology across countries, that Go and colleagues

(1995) postulate that the data in the US-SCIMS may overestimate severity of entire

American SCI population due to more severe cases being entered in the database than are

representative of the entire American SCI population.
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l In considering the reports of injury severity using the Frankel scaIe, it is important ta note

that the severity often changes during the fust few months after injury. Tatar and

colleagues (1993) reported ooly on severity status at admission. A1though they used an

injury severity scale different from Frankel classification, the data MaY be converted to the

latter to facilitate comparison with other reports. In the period 1973-81, 46.2% had

Frankel A injuries, 14.9OJ'o Frankel B injuries, 7.4% Frankel C injuries, 28.0% Frankel D

injuries, and 2.5% had normal motor and sensory function. Of all 14,791 patients in the

US-SCIMS database, the proportions were approximately similar for status at entry ta the

system: Frankel A, 50.5%; Frankel B, 13.2%; Frankel C, 12.90A.; and Frankel D, 21.6%.

At diseharge from rehabilitation, many patients have improved by one or more grades on

the Frankel seale, especially among those who were admitted within 24 hours of injury.

For patients with Frankel B injuries at admission, nearly half of those admitted soon after

injury improved to a Frankel C or D grade by discharge. For patients with Frankel C

injuries at admission, over half of those admitted soon after injury improved to a Frankel

D grade by discharge. Patients admitted with a Frankel A or D grade generally remained

at the same grade, although those admitted within 24 hours of injury were slightly more

likely to improve a grade than those admitted later (Ditunno et al 1995). Based on the

average length of stay for patients in the US-SCIM:S database, discharge Frankel ratings

were assessed 2-5 months post-injury in most cases.

There are additional reasons to believe that the proportion ofsel patients with incomplete

loss of sensory and motor funetion will continue to rise. Large trials in the U.S.A. of

methylprednisolone sodium succinate (MPSS) and of GM-l ganglioside have shown that

administration of these drugs to subjects with acute and sub-acute spinal cord injuries,

respectively, leads to a reduced neurological impainnent in the long-term. In the second

U.S. National Acute Spinal Cord Injury Study (NASCIS-2), subjeets who began the

24-hour MPSS protocol within eight hours ofinjury had significantly greater improvement

in motor funetion, pinprick sensation and touch sensation at six weeks post-injury and

again at six months post-injury than those subjects who received placebo (Bracken et al

1990). In addition, subjeets in the MPSS group had a significantly greater increase in

8
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motor score at one year than subjects who received placebo. Ofadditional interest to note

in the follow-up analysis was that subjects who began their doses of MPSS more than

eight hours after injury recovered less motor function over the subsequent year than

subjects who had received placebo (Bracken et al 1992).

A randomized, placebo-controUed trial of GM-l ganglioside has also shown promising

results for reducing neurological impairment. Subjeets began receiving the drug or a

placebo within 72 hours of injury and continued the treatment for severa! weeks. Subjects

in the GM-l ganglioside group whose initial Frankel grade was A, B or Chad a

significantly greater chance of improving two Frankel grades by one-year follow-up than

comparable subjects in the placebo group. Subjects in the GM-l ganglioside group also

showed significantly greater improvement in lower extremity ASIA scores than subjects in

the placebo-treated group (Geisler et al 1991, Geisler 1993). No published data are yet

available regarding an integrated strategy using both MPSS and GMI ganglioside.

Further reduction in irnpairment May be possible in those with chronic injuries as a result

of other pharmacological treatments. For example, short-term intravenous doses of

4-aminopyridine (4-AP) have been associated with transient reduction of impainnent in

incomplete SCI subjects (Hansebout et al 1993, Hayes et al 1993). 4-AP is a potassium

channel blocking agent and it is believed to improve function in SCI subjects through

improving nerve conduction in axons that are hypothesized to be intact across the lesion

level but subject to conduction failure due to demyelination or dysmyelination. There May

aIso be other mechanisms underlying the effects of 4-AP (Jankowska et al 1977, 1982).

Hansebout and coUeagues (1993) reported the effeets of 4-AP in eight SCI subjects, two

at each of Frankel A, B, C and D grades, and noted that the improvement in sensory and

motor funetion was particularly evident in the two Frankel C subjects. They also noted

that in sorne subjects the beneficial effects lasted for severa! days although the drug had

been administered intravenously over a two-hour period and was likely to have been

eliminated before the end of the beneficial effects. On the other hand, the acute

administration of4-AP to decerebrate cats has been shown to lead to a synchronization of

neuronal activity, and when the 4-AP was preceded by chemical stimulation to elicit fictive
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locomotion, the subsequent effect was a short-lasting change in the fictive locomotor

pattem followed by its disappearance and replacement by a synchronous bursting activity

in the nerves being recorded (Dubuc et al 1986). Results were similar when a spinal cord

transection was performed prior to drug administration (Dubuc et al 1986). The latter

results suggest that aIthough 4-AP may increase neuronal aetivity caudal to a spinal lesion,

the drug's effects on movement behaviour will need further study.

Reports of large cohorts of sel subjects regarding chronic disability are rarer than those

regarding impairment. Thus far, from the VS-SCIMS database, the funetional outcomes

reported have been scores on the Funetional Independence Measure (FIM) (Ditunno et al

1995). The FIM was designed as a measure of overall functional status for patients of

many diagnostic groups undergoing medical rehabilitation, and particularly to guide

administrative decisions regarding utilization of resources and length of rehabilitation stay

(Keith et al 1987). As suc~ the FIM is not very responsive to change in any single

component of functional status such as walking. An adept wheelchair user earns the same

FIM locomotion score as a person walking with a walker and leg braces or a person

walking slowly without aids, so these data are not informative regarding walking as a

functional outcome. Neither the Frankel scaIe nor the ASIA impairment scale expressly

ref1eet waIking. Nonetheless, data regarding impairment severity may be used to estimate

the proportion of SCI patients who regain the ability to walk. Those with A or B ratings

are obviously unable to walk with the exception of low paraplegies who walk with long

leg braces. Those with E ratings are obviously able to walk. Generally, a C rating is

assigned ta those whose motor function is unsufficient for walking, and a D rating is

assigned to those who are able to walk (see Table), although the walking may be limited in

Many ways. From the epidemiological studies in Canada and the V.S.A (reported above),

we may estimate that only one-quarter to one-third of SCI patients in rehabilitation regain

some ability to walk by discharge from rehabilitatioo.

ln the rehabilitation of sel patients foUowing the acute management of the spinal cord

injury and any other injuries, the maximizing of independent movement is largely a matter

of physical training, as described in numerous handbooks written by physical and
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occupational therapists (e.g. Bromley 1981, NIXon 1985, Somers 1992, Whalley Hammell

1995). The training is aimed at reinforcing the muscles that the patient is still able to

activate voluntarily, improving flexibility in selected areas, and practicing techniques of

movement for functional goals. When walking is possible within the time frame of

inpatient rehabilitation, training for walking is incorporated into the rehabilitation

program. The importance of training has been recognjzed in studies of new rehabilitation

approaches such as the use of a body-weight-support system or the administration of

drugs to improve walking foUowing spinal cord injury (both approaches will be discussed

in more detail in the latter part of the present review). The studies have thus focussed on

the role ot: or incorporated into their researeh protocol, an interactive training approach

to maximize the improvement in walking (Barbeau et al 1993b, Dietz et al 1995, Dobkin

et al 1992, Fung et al 1990, Wernig & Müller 1992). Furthermore, there is a growing

body of Iiterature regarding the development of orthotic devices to assist walkïng. These

devices may be mechanical, such as long-Ieg braees or the reciprocating gait orthosis, that

have been developed particularly for paraplegies with little or no recovery of motor

function in their lower limbs (e.g. Douglas et al 1983, Saitoh et al 1996, reviewed in

Jaeger et al 1989). These devices may also be electrical, such as nerve or muscle

stimulators to provide or assist voluntary muscle activity in key phases of the gait cycle

(Bajd et al 1983, Kralj et al 1993). In addition, there has been sorne development ofhybrid

devices (phillips 1989, Solomonow et al 1989).

Within the rehabilitation of active movement in SCI patients, reflex responses associated

with spasticity are often seen to be impeding the control of movement and/or eausing

discomfort or pain to the patients. Spasticity has had many explicit or implicit definitions

(for discussion, see Landau 1974, Thilmann 1993), although the most commonly cited

definition in recent years is that spasticity is lia motor disorder charaeterized by

velocity-dependent increase in tonic stretch reflexes ("muscle tone") with exaggerated

tendon jerks, resulting from hyperexcitability of the stretch reflex as one component of the

upper motor neuron syndrome" (Lance 1980). The relationships among components of

spasticity and deficits in voluntary movement are not c1ear although they are often
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associated together. Treatment is provided to reduce spasticity, sometimes with the hope

of improving voluntary movement, and other times with the primary aim of reducing

discomfort or pain arising from the spasticity. The tlexibility exercises that are part of

standard rehabilitation reduce reflex responses (Odéen 1981) and maintain muscle length,

but further antispastic treatment in the form of Medications or surgical procedures are

often provided. Maynard et al (1990) reported that among 466 patients with new

traumatic spinal cord injury in the late 1980s, one-quarter had received sorne kind of

MediCal or surgical antispastic treatment before discharge from rehabilitation. When the

results were analyzed by Frankel category rather than by lesion level, it was evident that

those with Frankel B or C severity of injury were aImost twice as likely to have received

antispastic treatment than those with Frankel A or D severity. Among patients from the

totaI cohort for whom follow-up data were available (n=138), aImost half had received

antispastic treatment within a year.

Data from the US-SCIMS database aIso show high rates of treatment for spasticity among

SCI patients. Almost one third of patients received some fonn of antispastic treatment by

discharge and the proportion rose to aImost half by the end of the tirst year post-injury.

Amongst tetraplegics in the US-SCThtfS, the percentages receiving antispastic treatment

by the end of the first year post-injury were as follows: Frankel A, 59.5%; Frankel B,

67.9%; Frankel C, 64.6%; and Frankel D, 37.8%. Long-tenn follow-up data is more

limited in the database, but it was observed that fewer than 5% of patients had undergone

ablative surgicaI procedures within 5 years of injury, and it is suggested that most of the

rest of the treatment is pharmacologjcal in nature (Maynard et al 1995).

Taken together, the developments in spinal cord injury outcomes and treatments Mean

that it is increasingly important to evaluate the effects of antispastic treatments on motor

behaviours, especially walking. First, where penetrating injuries are rare, more than half of

ail patients will likely have incomplete injuries and the proportion is likely to rise as

progress is made in acute care procedures, such as methylprednisolone treatment. Thus,

walking may be within reach for an increasing proportion of SCI patients. Second, within

the SCI population, and especially within the group of patients with incomplete injuries,

12



-

:1­
;;.-

treatments to reduce spasticity are used very frequently. The relationship between

spasticity and voluntary movement is uncertain. Moreover, the relationship between

treatments to reduce spasticity and voluntary movement is equally uncertain. In view of

the changing epidemiology of spinal cord injury, it is increasingly urgent to explore these

issues. As we shall see below, Many of the treatments to reduce spasticity directly affect

neural pathways that are important in the generation of movement. We tum first to a

review of the development ofpharmacologicaI treatment for spasticity, then to a review of

the pharmacology of locomotion, and subsequently to a review ofwalking funetion in SCI

subjeets and how the deficits May be addressed with pharmacologica1 treatment.

Treatment for spasticity

Many treatments for spasticity over the years abolished or drasticaUy reduced muscle

tooe, particularly destructive surgica1 procedures such as neurotomy, tenotomy and dorsal

rhizotomy, but also applications of substances such as injeeted phenol to block peripheral

nerves (Awad 1972., Khalili & Betts 1967). Oral drug therapy was relatively rare. In the

second edition (1976) of bis treatise on spinal cord injuries, Sir Ludwig Guttrnann

reviewed surgical ablative procedures as weil as peripheral and intrathecal nerve blocks

with alcohol or phenol, after having concluded that no drug thus far existed which had a

long-Iastin& relaxing effect on spasticity without having undesirable effects on the whole

organism. Although later reviews were more optimistic about the possibility of clinically

useful antispastic drugs, one finds oumerous references to the idea of adjustiog drug dose

carefully, oot only to reduce toxicity but also to avoid abolisbiog muscle tooe if the patient

relies on preservation of muscle fuoction for indepeodent movement (for examples, see

reviews by Davidoff 1978, Young 1994).

In reviews of postulated spasticity mechanisms and methods of antispastic treatment there

is a recurring theme that treatment to reduce spasticity May not improve voluntary motor

ability. In particular, Landau pointed out that spasticity is often treated without a clear

definition of the problem., and that it is far from axiomatic that reducing the clinical signs

that were diagnostic to the neurologist will he therapeutic for the patient (Landau, 1974).
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Twenty years later, Young observed that "With little evidence to support it, the theory

that increased reflexes... may somehow submerge remaining voluntary function of motor

neurons bas long been a popular concept in spasticity treatment. " (Young 1994). This

popular concept seems to have originated from theories of motor control in which the

influences of peripheral sensory inputs and descending inputs to the spinal motor systems

are seen to be competitive or antagonistic to one another. In this view, the nervous system

was viewed as having a hierarchica1 structure with more rostral areas exerting a tonie

inhibition on spinal systems. The syrnptoms of spasticity or other involuntary movement in

patients with cerebral or spinal cord lesions were interpreted as a release offunction (term

derived from Hughlings Jackson, 1889) or loss of restraining effects (e.g. Denny-Brown's

views described in Langworthy 1970) on spinal pathways. The pyramidal tract, in

particular, was believed to be important in exerting inhibitory control on spinal cord

circuits, and the hyperexcitability in spinal cord circuits was thought to be primarily due to

hyperactivity ofgamma motor neurons. The concept ofgamma motor hyperactivity can be

traced back to Sherrington's experiments in decerebrate cats in which gamma motor

hyperactivity was seen ta be the cause of the induced rigidity (Sherrington, 1898). Many

of these ideas about spasticity, however, have not been supported upon further

investigation. Decerebrate rigidity has not been upheld as a useful model for spasticity and

gamma motor hyperactivity is no longer believed to be an important factor in spasticity

(for reviews, see Burke 1983, 1988). Furthennore, the pyramidal tract has not been found

to have the proposed inhibitory role on spinal motor circuits without which spasticity

would develop (for reviews, see Davidoff 1990, 1992, Burke 1988).

As Landau (1974) has pointed out, there have existed considerable variations in the

definition of spasticity such that whether putative antispastic treatments were able to

irnprove voluntary movement depended a great deal on the definition of spasticity stated

or implied by the proponents of the treatment and, by extension, what symptoms were

addressed by the treatment. The confusion over definitions bas doubtiess contributed to

conflicting ideas about whether antispastic treatment in general will alter voluntary

movement. Additional contributing factors are that clear distinctions have not always been
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made among benefits conferred by treatments, and that the objectives of antispastic

treatment are often different across different diagnostic categories. For severely disabled

individuals whose diagnoses carry prognoses of progressively increasing disability and

pain, antispastic treatments may make it possible for sorne movements, such as assisted

transfers, to be more comfortable. It is ooly relatively recently that such a prognosis is legs

and less applicable for more and more sel cases.

Let us retum to the situation of SCI patients with spasticity problematie enough to

warrant treatment as weIl as incomplete loss of motor function because it seems that this

is a large and growing subset of the SCI population. It is an important and timely question

whether treatment to address spasticity will affect the recovery of walking in negative or

positive ways in these people. It does Dot seem likely that the answer will be the same for

ail antispastic treatments, and thus each treatment should be specifically examined for its

potential ta improve walking or aoy other voluntary movement behaviour that is relevant

for the population.

Drug treatments for spasticity have been the foeus of investigation in the present study

and are thus the principal topic for review with respect to the aforementioned question

regarding spasticity treatment and walking. Let us tum ta a history of drug treatment for

spasticity. In a brief review of antispastic drugs in bis treatise on spinal cord injuries,

Guttmann (1976) listed severa! drugs, ooly two of which are mentioned in subsequent

reviews of antispastic drugs (Davidoff 1978, 1985, Noth 1991, Whyte & Robinson 1990,

Young & Delwaide 1981, Young & Shahani 1986). One of these drugs is diazepam, a

member of the benzodiazepines which are active at GABA receptors. Diazepam has been

mentioned in Many reviews of antispastie drugs in the last twenty years (Burke 1975,

Davidoff 1978, Young & Delwaide 1981, Davidotr 1985, Young & Shahani 1986, Whyte

& Robinson 1990, Noth 1991). The other is mephenesin which was mentioned more

rarely (Burke 1975, Young & Delwaide 1981) and by the time of a review in 1981

(Young & Delwaide 1981) was considered an aider drug and considerably less effective

than dantrolene, diazepam or baclofen. Concurrently in the mid-1970s, new drugs were

being developed, and reviews of that period listed baclofen, dantrolene sodium and the
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phenothiazine and adrenoreceptor-blocking drugs (Burke 1975, Davidoff 1978). Drugs

with a well-published history ofuse to treat spasticity are reviewed below, as weIl as sorne

new drugs possibly relevant to the recovery of walking. The drugs have been divided iota

categories based on their known or postulated mechanisms.

Drugs with peripheral actions

There are two main categories of substances that act peripheraUy that have been used to

reduce spasticity: agents to reduce the strength of muscle contraction; and agents ta

produce anesthesia of peripheral afIerent receptors. The former approach appears to have

been more widely used than the latter. For weakening the strength of muscle contraction,

the drug of choice has been dantrolene (also called dantrolene sodium). In the dosage

range used in humans with spasticity, dantrolene interferes with the excitation-contraction

mechanism of skeletal muscle by interfering with the release of calcium from the

sarcoplasmic reticulurn (see review by Pinder et al 1977). By not affecting neural firing or

the neuromuscular junetion, dantrolene therapy has not been observed to change EMG

recordings of muscle aetivity (Chyatte & Basmajian 1973). Rather, it reduces the force

output of muscles. Its principal drawback as an antispastic drug is thus obvious -- it

weakens ail skeletal muscles, thereby risking a reduction in mobility for patients who rely

on residual muscle funetion for movement. Trials of dantrolene in subjects with spasticity

have generally round it to be superior to placebo in reducing spasticity, but improvement

of voluntary funetion was rarer (Monster 1974). Its clinical use is also limited because it

has been hepatotoxic in sorne patients, is contraindicated in those with liver dysfunction

and is used with caution in ail others.

More recently, there have been several reports published regarding the injection of

botulinum toxin to weaken specifie muscles affected by spasticity or other forms of

hypertonia (Borg-Stein et al 1993, Snow et al 1990). The toxin acts to reduce muscle tone

by blocking neuromuscular transmission. Botulinum toxin injections have the advantage

over oral doses of dantrolene in that therapy can be directed only to muscles in which

hypertonia is causing persistent discomfort or functional problems. However, the principal
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risk is that dosage MaY be miscalculated and muscles overweakened. Published reports

suggest that botulinum toxin bas been used more for dystonia and its variants than for

spasticity following spinal cord injury (reviewed in Tim & Massey 1992). In subjects with

multiple sclerosis, botulinum toxin has been used to weaken leg adductor muscles in arder

ta facilitate assisted transfers and hygiene (Borg-Stein et al 1993, Snowet al 1990). There

is aIso a report of its use ta reduce drop foot in spastic brain-injured subjects; five of the

six ambulatory subjects in the study were reported to show gait improvements (Dengler et

al 1992). In another report, seven of twelve herniparetic subjects who received botulinum

to,oo injections into the calf muscles of the affected side improved their gait, particularly

in terms of overground velocity, stride length and reduction of abnormal EMG timing

(Hesse et al 1996).

Topical anesthetics have been used with sorne success to reIieve spasticity. Sabbahi and

colleagues (1981) reported the resuIts of gait analysis in a hemiparetic subject before and

after spraying a benzocaine solution over the affected lower Iimb. The subject showed

improved movement of aIl three joints in gait subsequent to the anesthetic. Mills and

Pozos (1985) demonstrated a large reduction in the amplitude of ankle clonus in two Sel

subjects with topical application of xylocaine solution over aIl of the lower leg and

proximal foot. It would seem, however, from inspection of review articles on spasticity

and handbooks on rehabilitation of disorders with spasticity, that topical anesthetics are

rarely employed but that the principle is applied more simply in the ice treatment and

eiectrical stimulation treatment that are used to reduce spasticity.

Glycinergic drugs

Glycinergic drugs have been investigated as having possible therapeutic uses for reducing

spasticity, in view of the findings that glycine is a major inhibitory neurotransmitter of the

spinal cord (Young & MacDonald 1983). Glycine itself has been used for the treatment of

spasticity with mixed results (Stem & Bokonjic 1974). Unlike other amino acids that act

as neurotransmitters, glycine is able to cross the blood-brain barrier. The consequent

activation ofglycine receptors on interneurons and motor neurons of the spinal cord leads
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to a decrease in cell firing and a damping of reflexes (Davidoff 1985, Young &

MacDonald 1983).

Threonine, a precursor of glycine, has also been used for the treatment of spasticity. The

rationale is that threonine will be converted to glycine and there will thus be an increase in

g1yclnergic inhibition. In ambulatory subjects with multiple sclerosis, a modest decrease in

spasticity was found in sorne subjects (Hauser et al 1992). Lee and Patterson (1993)

found significantly reduced spasticity (as measured by the Ashworth scale, Ashworth

1964) associated with two weeks of threonine treatrnent in comparison to placebo

treatment in subjects with spinal spasticity. A positive response was aIso noted in subjects

with progressive spastic disorders of genetic ongin (Barbeau A et al 1982). The authors

noted that since glycinergic systems have been implicated in the manifestations of genetic

spastic syndromes in rodents, glycinergic drugs should be especially investigated in genetic

spastic syndromes in humans.

GABAergic drugs

The benzodiazepines, particularly diazepam, have been extensively used to treat spasticity

(for reviews, see Young & Delwaide 1981, Davidoff 1985, Young & Shahani 1986,

Whyte & Robinson 1990). Although diazepam has effects in various areas of the brain,

thereby causing the principal side effects of somnolence and sedation, it has been shown to

be equally effective at reducing spasticity in complete and incomplete sel subjects as weU

as reducing reflexes in animais with complete cord transections, thus suggesting a spinal

site of action (Cook & Nathan 1967, Hudson & Wolpert 1970, Schlosser 1971). It has

been confinned in a number of reports of bath hurnan and non-human subjects that

diazepam reduces spinal ref1exes by increasing presynaptic inhibition through stimulation

of GABAA receptors (for review, see Davidoff 1985). It is still in clinical use, but its side

effects, principally drowsiness and sedation, limit its usefulness.

Progabide is a GABA agonist that is thought to have actions at both GABAA and GABAg

receptors (Mondrup & Pedersen 1984a). It has been identified as reducing spasticity,

particularly in reducing tendon reflexes (Mondrup & Pedersen 1984a, 1984b). Like the
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g1ycinergic drugs, progabide appears to have received little follow-up study, a1though the

high doses (up to severa! grams per day) and the reported hepatotoxicity may have limited

the clinical utility of the drug.

Sïnce its introduction, baclofen (first called CmA 34,647-Ba or

J3-(4-chlorophenyl)-GABA) has become the mast important drug to treat spasticity arising

from spinal lesioDS. The earliest reports of baclofen's usefulness in treating spasticity were

published in the early 1970s (e.g. Jones et al 1970). At that time, it was understood that

this drug was a GABA analogue and that it reduced mono- and polysynaptic ref1exes in

spinal and decerebrate preparations (CmA research, quoted in Jones et al 1970).

However, its mechanism remained partly mysterious for sorne time because bicuculline, a

GABA antagonist, was not able to black its actions (reviewed in Davidoff 1978, Young &

Delwaide 1981). It has since been understood that baclofen is active at

bicuculline-insensitive GABA receptors, termed GABAs receptors (reviewed in Bowery

1989), and that it depresses spinal refIexes principally by reducing the release ofexcitatory

transmitters from afferent neurons (reviewed in Davidoff 1985). This presynaptic action

was demonstrated in several in vitro preparations, with consistent findings of reduced

excitatary post-synaptic potentials in association with baclofen but no change in

motoneuronal membrane properties (Davidoff & Sears 1974, Fox et al 1978, Pierau &

Zimmennann 1973). An additional postsynaptic action ofbac1ofen was later demonstrated

with further study of in vitro preparations (Wang & Dun 1990) but the doses used to

produce this effeet are thought to be much greater than is ever achieved with oral doses of

baclofen in humans.

Baclofen was quickly considered by many in the field to be the drug of choice for

spasticity arising from spinal lesion (Burke 1975, Young & Delwaide 1981). It has been

studied mostly in subjects with spinal cord injury or multiple sclerosis, in whom it has been

associated with reduced fIexor and extensor spasms and reduced resistance to passive

movement (Duncan et al 1976, Sachais et al 1977). Baclofen has been found to be

generally less effective at reducing signs of spasticity in subjects with cerebral lesions
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(Jones & Lance 1976, Pinto et al 1972, reviewed in Whyte & Robinson 1990). In a recent

review ofGABAs receptor physiology, Wojcik and Holopainen (1992) raised the question

whether injuries of the spinal cord might evoke the formation of supersensitive GABAg

receptors in the spinal cord caudal to the injury. If 50, this supersensitivity may account

for baclofen's effectiveness against spasticity from spinal lesions and relative

ineffectiveness against spasticity from cerebral lesions. However, see Hinderer (1990) for

a discussion ofbaclofen's effects being mediated through its anxiolytic properties.

Baclofen's clinical success as an antispastic drug arises partly from its relatively benign

side effect profile. It has been associated with somnolence, sedation, and fatigue,

particularly during periods of increasing dosage. However, these side effeets usually occur

more rarely and more benignly than the same side effects with diazepam (Young &

Delwaide 1981). The primary risk occurs with rapid change of dosage, overdosage having

been associated with encephalopathy, seizures, respiratory depression, and coma (Delhaas

& Brouwers 1991, Lee et al 1992), and abrupt withdrawal having been associated with

hallucinations, seizures, visual disturbances, and psychosis (Kofler & Leis 1992, Rivas et

al 1993).

Baclofen is typically used in doses under 100 mg/day, divided into three or four doses

because it is rapidly absorbed and eliminated (Young & Delwaide 1981). To obtain relief

in cases of severe spasticity, doses weil ovec 100 mg/day are sometimes tried but the total

dose is usually limited by an increase in the side effects of somnolence and fatigue. To

avoid this problem and to increase the amount of drug delivered to the lumbar spinal cord,

an intrathecal approach was used (for reviews, see Kroin 1992, Lewis & Mueller 1993,

Ochs 1993, Penn 1988). In most reports, subjects are screened according to the cIinical

response to an intrathecal bolus of baclofen and an indwelling pump with attached

intrathecal catheter are implanted when indicated. A large body of literature has developed

regarding this approach (Abel & Smith 1994, Albright et al 1993, Armstrong et al 1992,

Azouvi et al 1993, 1996, Becker et al 1995, Broseta et al 1989, Coffey et al 1993,

Gardner et al 1995, Hankey et al 1986, Hugenholtz et al 1992, Kotler et al 1992, Kravitz

et al 1992, Latash et al 1989, 1990, Lazorthes et al 1990, 1991, Loubser et al 1991,
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Meythaler et al 1992a, 1992b, Müller et al 1987, Nance et al 1995, NanrüDga et al 1989,

Narayan et al 1991, Ochs et al 1989, Patterson et al 1994, Penn 1991, 1992, Penn &

Kroin 1987, Penn et al 1989, Sahuquillo et al 1991, Siegfried & Rea 1987, 1988); most

reports are in regard to spasticity from spinal injury or disease but more recently there

have been a number of reports of intrathecal baclofen in use for spasticity from supraspinal

disorders. Almost aIl evaluations of intrathecal baclofen's effect in comparison to pre-drug

status and/or placebo treatment have been of resistance to passive movement (Ashworth

scale) and spasm frequency. The reductions in these measures associated with intrathecal

baclofen have been strikingly large, of a magnitude not usually seen before with any drug

treatment. Most trials have thus used such measures primarily or exclusively to evaluate

treatment outcome. Furthermore, the reduetion in side effects that was forecast has

generally proved true. Intrathecai baclofen treatment is nonetheless not without its risks ­

the risk of sudden changes in dosage from catheter problems leading to overdosage or

withdrawal, as weil as the risks of infection associated with this invasive procedure.

It is rare that quantified changes in voluntary motor funetion following intrathecal

baclofen have been reported (reviewed in Campbell et al 1995), not surprisingly because

most subjeets admitted to trials of intrathecal baclofen have been highly disabled.

Furthermore, the impressive reduetion in resistance to passive movement and spasm

frequency have been deemed sufficient evidence of its effeetiveness. Of the reported

functional improvements, Many a:e quantifications of improvements in areas such as

transfers and dressing or merely anecdotal descriptions in which the mechanism of

improvement is not clear. In a report published in 1993, Ochs estimated that the number

of subjeets treated with intrathecal pump worldwide was over 1000, and the number has

doubtless grown since then. We have remarkably little quantitative data on voluntary

function for such an increasingly utilized mode of treatment (cf. Annstrong 1992,

Campbell et al 1995). There are, however, data regarding the mechanism of action of

intrathecal baclofen. As with oral baclofen, it is believed to act presynaptically to reduce

excitatory transmission onto motoneurons. In addition, it has been proposed to exert a

postsynaptic effeet on motoneurons close to the site of drug delivery within the cord
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(Azouvi et al 1993, Bussel et al 1993, Dressnandt et al 1993, 1995) presumably from the

high concentration ofbaclofen in this area, sunilar to the effect in vitro.

Adrenergic drugs

The use of adrenergic drugs for the treatment of spasticity has an unusual history because

both antagonists and agonists have been put forward at different times as being useful.

Most of the drugs in this category have been alpha-adrenergic drugs with the exception of

propranolol, a beta-adrenergic blocker, which has been shown to relieve some signs of

spasticity, particularly ankle clonus (Mai and Pedersen 1976). It is noteworthy, in light of

other findings discussed below, that propranolol aIso possesses sorne serotonergic

blocking properties. The phenothiazines, particularly those with alpha-adrenergic blocking

ability such as chIorpromazine, were used to reduce muscle hypertonia arising from a

number of neurological conditions. Although there were sorne cases of impressive

success, particularly when chlorpromazine was combined with phenytoin (Cohan et ai

1980), most reports eoncluded that phenothiazines and aIpha-adrenergic blockers were

generally ineffective as antispastic agents (reviewed in Davidoff 1978, 1985, Whyte &

Robinson 1990). The strongly sedative effect of these drugs aIso limited their clinical

utility, exeept for situations in which sedation was eonsidered useful. The rationaIe

underlying the use of aIpha-adrenergic bloekers was their ability ta reduee the gamma

motor activity found in animaIs with deeerebrate rigidity. As pointed out by Davidoff

(1978, 1985), factors other than gamma hyperactivity are implicated in decerebrate

rigidity, and these drugs have not proven effective at ehanging segmental reflexes in

spinal-transected animais. Moreover, as discussed earlier, gamma hyperactivity is no

longer believed ta play an important role in spasticity in humans with neurological

disorders (Burke 1983, 1988).

In the early 1980s there was a shift in attention trom alpha-adrenergic blockers ta

alpha-adrenergic agonists to reduce spasticity. Tizanidine, an alpha-2-adrenergic agonist

and imidazoline derivative, was found to reduce the release of excitatory amino acids in

spinal circuits and inhibit the tonie facilitatory effect of coeruleospinal pathways on spinal
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circuits. In animals, tizanidine reduces polysynaptîc spinal reflexes with little effect on

monosynaptic reflexes (Davies 1982, reviewed in Coward 1994). The reduction in

polysynaptîc reflexes has been blocked by yohimbine, confirming that it is an

alpha-2-adrenergic effect (Corboz et ai 1991). ClinicaI studies have shown tizanidine to he

clearly more effective than placebo or comparable to baclofen at reducing spasticity (i.e.

Ashworth score) in subjects with multiple sclerosis (Lapierre et al 1987, Bass et al 1988).

Nance and coUeagues (1994) reported on a multi-centre study of tizanidine's effects in

SCI subjects of Frankel A, B, and C levels. They found significant differences in several

outcome assessments of spasticity between subjeets receiving tizanidine (n=38) and

subjects receiving placebo (n=40) after eight weeks of treatment (total daily dose up to 36

mg/day) (Nance et al 1994). Across studies, the principal side etfeets of tizanidine are

generally reported to be dry mouth and somnolence (Lapierre et al 1987, Nance et al

1994).

Clonidine, like tizanidine, is aIso an alpha-2-adrenergic agonist, and the two drugs have

sorne biochemical similarities (Coward 1994). Clonidine, however, was developed earlier

and has been used for years in humans principaIly as an antihypertensive drug (Atlan et al

1992, Materson et al 1993), but aIso for other conditions (Rauck et al 1993, Singer et al

1995). In doses generally lower than those used for an antihypertensive etfeet, elonidine

has been found to have useful antispastic properties, first reported by Tuckman and

colleagues (1982). Severa! other case reports of clonidine's antispastie effeets have been

published (Nance et al 1985, Rosenblum 1993, Sandford et al 1992, Yablon & Sipski

1993). In three published studies, c10nidine was found to be useful in redueing clinieal

signs of spasticity in about half of participating subjects (Donovan et al 1988, Maynard

1986, Weingarden & Belen 1992). Donovan and colleagues have perfonned the largest

study thus far reported. Fifty-five SCI subjects took doses in the range 0.1 to 0.4 mg/day.

Twenty-four of thirty-six tetraplegic subjects and seven of nineteen paraplegie subjeets

showed clinical improvement in spasticity, with no apparent difference in success rate in

clinically complete versus incomplete injuries. Twenty-seven subjects elected to continue

clonidine at the end of the study (Donovan et al 1988).
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Two differences between tizanidine and clonidine in clinical application bear emphasizing.

First, the doses of oral tizanidine required to produce antispastic effects similar ta those

reported for oral cIonidine are approximately 100 times as large. This difference May he

related to the finding that clonidine bas a higher affinity for alpha-2 receptors than has

tizanidine (Muramatsu & Kigoshi 1992). This ditTerential affinity may underlie the second

difference which is that cIonidine has a greater antihypertensive effect associated with it,

an effect that May lead to hypotension when c10nidine is being used for spasticity.

However, clonidine's antihypertensive effect has also been linked to its affinity for

imidazoline receptors, and tizanidine has an affinity similar to clonidine for imidazoline

receptors (Muramatsu & Kigoshi 1992). Furthermore, intrathecal clonidine and intrathecai

tizanidine have been shown to reduce nociception, blood pressure and heart rate at similar

doses in dogs (Kroin et al 1996), suggesting that part of the difference in effeets trom oral

doses may be related to differences in central and peripheral effeets. Thus, the reasons for

differences in clinical effects of tizanidine and clonidine will require further investigation.

Other drugs with central actions

Cyproheptadine is a serotonin antagonist that has been in therapeutie use for Many years

for other Medical conditions (Goldberg et al 1979, Goldman 1976, Krieger et al 1975,

Wanderer et al 1977). Its use as an antispastie drug arose because of its success at

blocking high levels of muscle activity in the hindIimbs of chronie spinalized rats induced

by application of serotonergie drugs (Barbeau et al 1981). Barbeau and eolleagues

(Barbeau H et al 1982) found that cyproheptadine was able to markedly reduce clonus in

four subjects and reduce flexor spasms in five subjects (total: n=2 SCI subjeets, n=4

subjects with multiple sclerosis). Nance (1994) studied the effects of cyproheptadine,

c10nidine and baclofen in 25 SCI subjects with an average Ashworth score >2 across

severa! muscle groups. AlI three drugs were associated with a decrease in the average

Ashworth score and in the amplitude of fust swing in the penduIum test. The decreases

were significantly different from the no-drug condition but there were no significant

differences among the drugs (Nance 1994). When used to treat spasticity:.
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cyproheptadine's principal side effect is one of its more useful effects in other patient

populations: that is, it is associated with an increase in appetite.

Morphine bas been used as an analgesic for many years and has been recently used to

control spasticity, mostly through an intrathecal route (Erickson et al 1985, 1989,

Siegfried & Rea 1988). Morphine is able to reduce both polysynaptic and monosynaptic

reflexes. Cannabis has also been reported to reduce spasticity, reported anecdotally trom

patients who smoke mariju~ and also reported following investigation of synthetic

A9-tetrahydrocannabinol (THC) (Petro & Ellenberger 1981). THe is believed to reduce

spasticity through inhibition of spinal polysynaptic reflexes, and was seen to be effective at

oral doses too low generally to produce side effects of euphoria. However, the potential

for abuse at higher doses limits its clinical utility (Petro & Ellenberger 1981).

Thus, there are several pharmacological strategies that may reduce spasticity in subjects

with complete and incomplete spinal cord injury. The reported effects have included not

ooly reduced resistance to passive movement as measured by laboratory and clinical

examination, but also changes that increase the comfort of the subjects. However, as

emphasized above, an increasing proportion of persons with new SCI have the potential

for useful motor fonction caudal to the injury level, including walking, and it is thus

increasingly important ta evaluate systematically whether treatments administered for

complications from spinal cord injury are favourable or unfavourable for the recovery of

walking. The Figure provides a schematic illustration of the proposed roles of antispastic

drugs. As we tum ta the evidence for the roles of spinal neural systems in locomotion, we

shall see that many of the neurotransmitter systems implicated in the mechanism of action

of antispastic drugs are also implicated in the control of locomotion, thereby reinforcing

the importance ofevaluating the effects of present and proposed antispastic treatments on

walking.

Control of locomotion by spinal neural systems

It has been understood since early in this century that the spinal cord circuits of mammals

(principally studied in cats and dogs) are able to generate rhythmic activity. Sherrington
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Figure for Review ofLiterature

A schematic illustration ofthe sites ofaction ofdrugs that have been used to treat

spasticity in various neurologjcal disorders, including spinal cord injury. See text for more

detailed description ofdrugs. Abbreviations: 5-fIT = 5-hydroxytryptamine = serotonin;

NE = norepinephrine; GABA =gamma aminobutyric acid.
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Drugs with Peripheral Action
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(1910) described stimuli that were able to ellcit flexion retlexes and crossed extension

reflexes, and how these reflex movements in alternation produced a stepping pattern.

A1though bis extensive use of the tenn "reflex stepping" suggests support for the reflex

chaining hypothesis of movement generation (see GriIlner 1981 for historical review),

Sherrington argued from numerous observations of the maintenance of the rhythm that it

must be "central in its seat" (1910, p. 87). Further support for the stepping rhythm's being

generated centrally was provided by Brown (1911) who demonstrated in decerebrate cats

the presence of altemating muscle activity between antagonistic muscle pairs of the

hindlimbs, although input from ail muscle and cutaneous afferent nerves had been

eliminated. Brown concluded that the "phasing of the acts ofprogression [i.e. locomotion]

is detennined neither by the peripheral skin stimuli nor by the self-generated

proprioceptive stimuli of the muscles... " (Brown 1911, p. 316).

It is important ta note that peripheral afferent input provides an important source of input

for ongoing modulation of the locomotor pattern (Engberg & Lundberg 1969, concepts

reviewed in Grillner 1981, 1985). In addition, rostral components of the central nervous

system (CNS) participate in locomotion particularly, for example, when precise limb

placement is required (see reviews: Grillner & Dubuc 1988, Armstrong 1986). However,

it is also important to note the implications of the findings of Sherrington and Brown

(among others). That is, elements exist within the spinal cord to produce patterns of

rhythmic activity among motoneuron pools and these patterns cao give rise to locomotion,

among other motor behaviours. The usual conceptual tenn for these rhythmic

pattem-generating elements is central pattern generator (CPG). In the neurophysiology

and motor control literature, one cao also find references to CPGs for respiration and

mastication, among other behaviours, but for the present review we will consider primarily

the literature regarding CPGs for locomotion. In sorne of the studies, fictive locomotion

was studied rather than aetual locomotion. Fictive locomotion may be defined as

locomotor-pattemed activity recorded in motoneurons or motor nerves in an animal

whose limb muscles do oot rnove for reasons of the motor nerves having beeo sectioned

or the muscles reodered motionless by curarization or other chemical treatment.
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Depending upon experimental conditions, fictive locomotion can closely resemble real

locomotion.

Important understanding of spinal CPGs for locomotion in mammals arose from the study

of decerebrate cats. Shik and colleagues (1966) demonstrated that decerebrate cats

demonstrate coordinated stepping on a treadmill when a region of the brainstem was

electrically stimulated. The stimulation, in what was subsequently termed the

mesencephalic locomotor region (MLR) (for reviews, see Grillner 1981, Jordan et al

1992), was not pattemed but was simply repetitive pulses. At low intensities of

stimulation, the cats displayed a walking pattern. As the stimulation increased, the

locomotion pattern sometimes changed to a trot or gaUop, depending upon the strength of

the stimulation and upon the speed at which the treadmill belt was moving (Shik et al

1966). In the several forms of locomotion, different timing and magnitude of muscle

bursts are required, both in absolute terms and in the relation of muscle bursts to one

another. The findings thus demonstrate that circuitry within the spinal cord is able to

generate complex patterns in response ta a simple variation in induced activity in a

brainstem region. The study of MLR-induced locomotion in decerebrate preparations has

progressed to the point of identifying cell groups and neurotransmitters involved, as weil

as afferent input to the fvfLR that May reset the rhythmic output of the spinal CPGs (for

review, see Jordan et aI 1992). However, for the present review, we will focus on the

implications of spinal CPGs for locomotion and the research efforts ta activate these

circuits following an induced transection of the spinal cord.

It is possible in many species, including lower vertebrates, to trigger locomotion following

spinal cord transection (SeT) (Grillner 1981). In mammaIs, however, locomotion was not

seen spontaneously following SCT and phannacological methods were developed to elicit

activity of the CPGs through stimulating receptor sites caudal to the lesion. Forssberg and

Grillner (1973) demonstrated that an injection ofclonidine to cats with acute SeT led to a

regular stepping pattern of the hindlimbs on a moving treadmill belt. For sorne cats, the

clonidine was aIl that was required for expression of locomotion; for others, additional

stimuli such as lifting of the tail were required (Forssberg & Grillner 1973). Barbeau and
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Rossignol (1991) replicated these resu1ts, showing that locomotion was induced with

injection of clonidine in the tirst 4-7 days post-spinalization. The role of noradrenaline in

initiating locomotion in cats with acute SCT was recently given further support by the

finding that intrathecal application of noradrenaline was able to induce and maintain a

fictive locomotor pattern (Kiehn et al 1992). Thus, we have evidence not only of spinal

locomotor-generating networks in the cat, but also that the noradrenergic system pIays a

roIe in initiating locomotion.

Indeed, it was not c1ear for sorne time whether locomotion could be consistently

demonstrated in the cat with SCT without resorting to continuous cutaneous stimulation

or pharmacoIogical stimulation. A1though cats spinalized as kittens generally regained

some independent hindlimb locomotion (Forssberg et al 1980, GoIdberger 1986, reviewed

in Grillner & Dubuc 1988), cats spinalized as adults were thought not to regain

independent locomotion (Eidelberg et al 1980, Goldberger 1986). However, it was

subsequently demonstrated that cats spinalized as adults were able to regain independent

hindlimb treadmill locomotion that resembled in many respects the pattern seen in nonnal

adult cats ifappropriate training was provided (Barbeau & Rossignol 1987, Belanger et al

1988, Lovely et al 1986). The training involved near-daily experience on the treadmill

with support of the hindquarters provided by an experimenter holding the cat by its tail.

The support provided and the treadmill speed were each adjusted according to the catfs

ability to cope with the demands of the task. The cats achieved a stable locomotor pattern

within a training period of 3 weeks to 3 months. The locomotor pattern at tbis time was

restricted to treadmill walking and the cats were unable to cope with higher treadmill

speeds that would necessitate fast walking, trotting or galloping. However, within the

range of speeds of which they were capable, their locomotor patterns resembled those of

normal cats (Barbeau & Rossignol 1987). Thus, the locomotor-generating networks ofthe

spinal cord may be expressed in the chronie spinal eat with interactive training.

ln view of the findings that either clonidine or training may assist recovery of locomotion

in cats with seT, the combination ofclonidine and training might be expected to increase

the rate of recovery of locomotor behaviour in acute spinal cats. Recently, it was shown
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that daily clonidine injection combined with locomotor training permitted the expression

of a locomotor pattern much earlier than it would be expressed with training alone. The

cats were trained in conjunction with bolus doses of intraperitoneal or intrathecal

clonidine and they achieved independent rhythnùc hindlimb stepping on the treadmill

without clonidine in 6-11 days (6 days of intrathecai clonidine in 1 cat, 9-11 days

intraperitoneal clonidine in 3 cats) (Barbeau et al 1993a).

Noradrenergic drugs have proven thus far to be unique in their association with initiation

of locomotion in cats with SeT (Barbeau & Rossignol 1991). However, the finding that

chronic spinal cats could be trained to have a stable locornotor pattern permitted the

exploration ofseveral pharmacological interventions, including clonidine again, in order to

understand the modulation of an established locomotor pattern. When clonidine was

administered to chronic spinal cats who had been trained to perfonn hindlimb treadmill

walking, they showed a substantial increase in step cycle duration for the same treadmill

speed, aIong with an increased excursion of the hip, knee and ankle. The

electromyographic (EMG) records show a marked increase in burst durations, particularly

of the flexor muscles (Barbeau et al 1987a, Rossignol et al 1986). The effects could be

partially reversed by yohimbine, a noradrenergic antagonist, confinning that it is through

noradrenergie receptors that cIonidine exerts a rnodulatory effect on the locomotor

pattern. It is interesting to note that when high doses of elonidine are administered to

chronie spinal cats with a well-established locomotor pattern, the result was often a

deterioration of locomotor pattern with such deficits as excessive flexion and paw drag.

On the other hand, when clonidine was administered to ehronic spinal cats that had

developed a poor locomotor pattern, the result was an improvement in locomotor pattern

(Rossignol et al 1996).

Serotonergic drugs have also been found to have a modulatory effect on the locomotor

pattern of chronic spinal cats. Barbeau and Rossignol (1990) found that administration of

serotonergic agonists or precursors led to a marked increase in EMG amplitude of both

flexors and extensors. Consequently, the cats showed more brisk movements and had a

larger angular excursion at the hip, knee and ankle as weIl as a slightly longer cycle
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duration. The cats showed movements during walking that resembled clonus and spasms

sometimes seen in sel subjects. In addition to the effects on the locomotor pattem the

serotonergic drugs led to an increased response to cutaneous stimulation of the paw.

Administration of cyproheptadine, a serotonergic antagonist, was able to partly reverse

the changes in walking and reflex responses (Barbeau & Rossignol 1990).

In studies of cats with chronie SCT who have been trained to walk on a treadmill, there

bas been less reported regarding GABAergic drugs. One exception is the finding that the

administration of baclofen (intrathecally or intraperitoneally) led to paw drag, reduced

weight support and other deficits. Higher doses of baclofen, 100 to a cessation of the

locomotor pattern. The effect could be partly reversed by administering a GABA

antagonist (Chau et al 1995). To understand more of the role ofGABA in locomotion, we

tum to the evidence from locomotion studies in other vertebrates.

Although much has been learned about CPGs for locomotion from the study ofcats, sorne

investigators have turned to simpler modeIs to gain a more detailed understanding of the

spinal mechanisms of locomotion. The lamprey is of particular interest because it has a

relatively simple nervous system and its brainstem and spinal cord can be removed and

maintainOO in vitro for up to several days, permitting extended study (reviewed in Grillner

1985, Grillner et al 1991, 1995). The spinal cord of the neonatal rat has also been studied

in an in vitro preparation (CazaIets et al 1992, 1994, 1996, Kiehn & Kjaerulff 1996). The

findings from fictive locomotion in these models have led investigators to propose that the

principal neurotransmitters regulating the spinal locomotor networks themselves are

glutamate and glycine, and that other neurotransmitters play modulatory roles. In

particular, the differences noted for the modulatory effects of GABAergic and

serotonergic drugs are important because of the use of these classes of drugs in SCI

humans. In the lamprey spinal cord, agonists of GABAs receptors, including baclofen,

produce a reduction in locomotor drive, a depression of burst activity and a modification

of intersegmental coordination toward a reduced phase lag between adjacent segments

(Tegnér et al 1993). In the neonatal rat spinal cord, GABAergic inputs slow down or

inactivate the locomotor pattern (Cazalets et al 1994). Serotonin applied to the lamprey

32



spinal cord produces a delayed burst termination with longer bursts of activity and a

longer phase delay (Harris-Warrick & Cohen 1985, reviewed in Grillner et al 1995).

Unlike GABA, however, serotonin has no effect on synaptic transmission from network

intemeurons (Matsushirna & Grillner 1992). In the neonatal rat spinal cord, serotonergic

inputs were able to alter the relative timing and burst duration of muscles participating in

the locomotor pattern (Cazalets et al 1992, Kiehn & Kjaerulff 1996). The evidence

regarding serotonin have prompted recent reviewers to hypothesize that serotonin plays a

role across many vertebrate species in facilitating rhythmic motor output (Jacobs & Fomal

1993, Wallis 1994).

Regarding therapy for walking following spinal cord injury in humans, several avenues of

exploration are suggested from the evidence concerning the pharmacologicai control of

locomotion in animais. First, the evidence in chronic spinal cats is compelling for the role

of noradrenergic agonists such as c10nidine in the recovery of locomotion. Second, the

evidence in many species for the role ofserotonin suggests that serotonergic drugs may he

useful in modulating locomotion. However, it is unclear whether to block or "boost" the

serotonergic inputs: in sorne paradigms locomotion was brought about by increasing

serotonergic inputs, whereas in spinal cats who has already recovered sorne walking, the

serotonergic antagonist cyproheptadine was able to block the motor behaviours that

resembled the signs ofspasrns and clonus. Third, the evidence in the lamprey and neonatal

rat models suggests that GABAergic inputs serve to modulate, but perhaps ultimately to

inhibit, locomotion. As with serotonin, the roles of GABAergic drugs in the modulation of

walking are not c1ear. Finally, activation of pattem-generating circuits may be produced

most directIy through increasing g1utamatergic inputs and/or reducing glycine:gic inputs.

However, there are no immediate clinical possibilities developed in these areas.

Thus, a1though details of their mechanisms have been partially elucidated recently,

concepts of spinal CPGs for locomotion were developed many decades ago. However,

concepts of aetivating spinal CPGs are not commonly used in the rehabilitation of SCI

patients (cf. Dobkin 1993). Severa! reasons may be identified for the lack of application.

The first is simply that, until relatively recently, a small proportion of SCI patients
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survived long enough for rehabilitation ofwalking to be considered (Oluy & Ohry-Kossoy

1989). Second, reports of patterned movement in the lower Iimbs of humans following

spinal cord injury were rare and, until recently, incompletely described (for discussion see

Eidelberg et al 1981, compare with Bussel et al 1988, Calancie et al 1994). Third, MOst of

the early information about CPGs for locomotion was obtained trom acutely

spinal-cord-transected animaIs, and the state of the spinal cord in weeks, months or years

following blunt trauma is not entirely comparable ta the state following acute transection.

Severa! investigators have pursued animal models of the spinal cord trauma typically

sustained by humans in order to fill this gap in our understanding (Anderson & Stokes

1992, Femandez et al 1991, Wrathall 1992). Fourth, an early investigation of spinal CPGs

in primates was unable to demonstrate a locomotor pattern in macaque monkeys with a

complete SCT although the methods were similar ta those successfully used in cats,

raising the possibility that CPG circuitry does not exist in primates (Eidelberg et al 1981).

Fifth, the sequence ofdevelopment of stepping patterns and later walking in human infants

has been taken as evidence that the mechanism of locomotor control is different in humans

than in other animais. The tirst three reasons are diminishing in importance as the sel
population changes and as advances in research are made. The fourth and fifth reasons

have been more controversial: we fust tom to the evidence regarding the existence of

CPG-type circuitry in non-human primates and subsequently to the evidence regarding the

development ofwalking in humans.

Eidelberg and colleagues (1981) published a report of attempts to elicit locomotion in

macaque monkeys following mid-thoracic spinal cord transection (SCT). Among the

monkeys with complete SCT, sorne were investigated for evidence of fictive locomotion

acutely after SCT, and others were investigated for evidence of treadmill locomotion for a

minimum of six weeks following SeT. In none of these monkeys was evidence of

locomotion seen, although similar pharmacological strategies were employed to those

described previously ta trigger locomotion in cats with SCT. Among ten monkeys who

had received partial SCT, six recovered the ability to support weight and perform

treadmill stepping, and two others showed sorne weak stepping ability although weight

34



support remained poor. The authors proposed that pattem-generating circuits probably

exist in the primate spinal cord but require greater input trom rostral structures than are

necessary in non-primate mammals. In particular, their analysis of pathology in the

monkeys with partial SeT led them to suggest that ventrolateral pathways are most

important in recovery of locomotion in monkeys (Eidelberg et al 1981). A subsequent

re-analysis of the data obtained trom the ten monkeys with partial SCT led to a partial

revision of the earlier findings. That is, they concluded that sorne locomotion is possible in

primates foIIowing severe incomplete spinal cord lesions and that the correlation of

pathological findings with locomotor recovery was weak (Vùensky et al 1992). More

recently, a report was published offictive locomotion following SCT in a different primate

species, the marmoset. HuItbom and coIIeagues (1993) showed evidence of rhythmic

alternating aetivity between the two hindlirnbs and between flexors and extensors in

individual hindlimbs. The animais had been previously decerebrated, then spinalized at a

low thoracic level and paralyzed, with recordings obtained from hindlimb motor nerves.

The fictive locomotor pattern was obtained in ooly two of the three mannosets studied

and was seen oruy following injection of cIonidine and sometimes also naioxone.

Nonetheless, the findings suggest that spinal locomotor-generating circuitry does indeed

exist in primates.

Stepping patterns May be elicited in human infants shortly after birth by touching their feet

to a supporting surface. These movements become progressively more difficult to elicit in

the first few months, and bipedal walking appears later, generally at approximately one

year of age. The disappearance of locomotor-type movements has been interpreted as

reflecting an inhibition of spinal CPGs that would otherwise produce quadrupedal

locomotion through establishment of functional contacts from rostral systems to spinal

cord circuits (Forssberg 1982, 1985, 1986). There is evidence, however, from other

studies of human motor behaviour to contradict this hypothesis. Thelen and Fisher (1982)

observed marked similarities between neonatal stepping and infant kicking. Thelen (1986)

also round that seven-month-old infants are able to produce weU-coordinated locomotor

patterns when supported over a treadmill. Thelen proposes that the apparent
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disappearance of stepping is due to the disparity, at that age, between strength and mass.

Thus, there is still good reason to believe that sorne spinal circuitry for rhythrnic,

altemating movements exists in humans as it does in other vertebrates.

It will not easily be resolved whether there are any circumstances in which the human

spinal cord deprived of aIl rostral connections would be capable of generating a rhythmic

pattern of neural output leading to walking. However, spinal pattern-generating circuits

have been demonstrated in all non-primate vertebrate species investigated thus far, and

there is evidence that similar circuits exist in primates although they May require greater

and/or different inputs for activation than those of other mammals. These required inputs

May include projections from rostral areas of the nervous system. Fortunately, the

majority ofpeople with spinal cord injury from blunt trauma have anatomically incomplete

transections of the cord. As we have seen (above) in the epidemiological data, half or

more of new SCI cases have incomplete loss of sensory and/or motor function, thus

certainly have ooly partial transections of the spinal cord. Furthermore, post-mOrtem

findings following cord injury from blunt trauma suggest that Many of those with complete

loss of sensory and motor function caudal to the lesion have anatomically incomplete

injuries of the cord (Kakulas 1988, Bunge 1993). Therefore, in a large and probably

increasing proportion of newly injured SCI patients, there exists a possible anatomical

substrate for recovery of walking that is not developed into functional walking with

current rehabilitation praetices.

Although we have not yet identified the optimal method of triggering walking in SCI

individuals who cannot walk, or of modulating waiking patterns to improve walking in

SCI individuals with limited walking, a consideration of the evidence regarding

pharmacological control of locomotion in other vertebrates leads us ta re-evaluate

strategies for control of spasticity because similar neurotransmitter systems are învolved.

A re-evaluation is particu1arly important because of the high rates of spasticity treatment,

usually pharmacological, for SCI patients. It MaY be possible to use drugs that both

reduce spasticity and seem likely candidates for aetivating or modulating spinallocomotor

circuits. At a minimum, we may avoid using drugs to control spasticity that are Iikely to
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reduce the output of locomotor-generating circuits, a1though such drugs May still have a

role in the management of spasticity in conditions with progressive neurological

deterioration precluding walking.

We now turn to the literature regarding the recovery of walking foUowing spinal cord

injury. First, we will review what bas been found regarding the nature of the walking

deficits, and second, we will review the evidence for pharmacological therapy for recovery

ofwalking.

Walking patterns in sa subjects and etTects of drugs

The walking patterns of SCI subjeets have been found to deviate from Donnai walking

patterns in several ways. Many of those who recover functional walking continue to walk

slowly and May require mechanical aid(s) to walk. These aids may include mechanical

orthoses on the legs, and possibly on the lower trunk, and walking aids such as walkers or

crutches. Walking can be a laborious process for sorne of them, and walking aids are

sometimes discarded in favour of a wheelchair for reasons of efficiency (Waters &

Lunsford 1985. reviewed in Jaeger et al 1989). The latter has been observed particularly in

people with low paraplegia who walk with long-Ieg braces locked at the knees, but the

principle holds true for most people who can propel a wheelchair more efficiently than

they can walk. Several deviations that are common in walking patterns in SCI subjects are

readily measurable with simple instrumentation including reduced vel0 city, cadence and

stride length. Waters and colleagues (1989, 1994) have documented reductions in velocity

and cadence as weU as increases in oxygen cost and peak axialload through walking aids.

In addition, they showed that those changes were related to the extent of neurological

impairment in SCI subjects.

Other deviations in the walking pattern of SCI subjects have been measured in the muscle

activation patterns and the joint angular excursion patterns. The literature regarding

specifically SCI subjeets is relatively small, so we will aIso consider deviations reported in

subjects with spasticity and paresis from other neurological disorders. One of the first

comprehensive studies of walking pattern in subjects with spasticity and paresis was
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reported by Knutsson and Richards (1979). They described three categories of gait

deviations in hemiparetic subjects. The first category incIuded subjects who exhibited early

activation of the triceps surae soon after foot contact in association with greater

plantarflexion and knee flexion than is seen in normal gait. The second category comprised

subjects who had low levels of activation across the lower Iirnb muscles recorded,

generally with hip and knee flexion and ankIe dorsiflexion. In sorne of these subjeets,

activation of quadriceps was seen in mid-stance and was termed a "spastic crutch" pattern.

This abnonnai timing of quadriceps activity corresponds to the period of single-Iirnb

stance on that side. In the third category were subjects with frequent episodes ofsustained

co-activation of antagonist pairs of muscles. Knutsson and Richards were unable to

cJassify four of their twenty-six subjects ioto the three categories, and aIl of these subjeets

had complex abnormal patterns ofmuscle activation.

It has been proposed that an increase in passive stiffuess of muscles is at least partly

responsible for disordered motor patterns in gait. Dietz and coUeagues (1981) noted that

spastic subjects exhibited a pattern of greater EMG activity in the tibialis anterior muscle

without a corresponding increase in the amount of dorsiflexion duriog gait. Their

hypothesis of increased passive stiffuess of the triceps surae muscle is supported by

findings of increased passive stiffhess in the triceps surae of the hemiparetic side observed

by Sinkjaer and Magnussen (1994) in responses ta superimposed stretch during voluntary

isometric contraction. However, the subjects described by Dietz and colleagues (1981) did

not show as much abnormal EMG timing or angular excursion patterning as sorne ofthose

reported by Knutsson and Richards (1979) or those reported in the studies described

below. An increase in passive stifihess ofsorne muscles, partieularly the triceps surae, may

weil be present but is unlikely to account for all of the gait deviations that have been

reported in other studies.

Kerrigan and coUeagues (1991) reported deviations in gait pattern in subjects who had

sustained cerebrovascular accident or traumatic brain injury and who had been referred to

their laboratory because of stiff-Iegged gait. They reported that most ofthese subjects had

abnormal activation of one or more of the quadriceps muscles in late stance or early swing
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phase, and several had abnormal activation ofone ofthe hamstriogs muscles in late stance.

AlI of the subjects had less than normal knee flexion in their walking patterns, as that was

a criterion for inclusion in the study of stiff-Iegged gait.

Conrad and colleagues (1985) compared treadmill walking patterns in ten subjeets with

various disorders having symmetric spasticity and little or no paresis and ten healthy

subjeets. Walking speed was controlled for ail subjects to 0.56 mis which was presumably

considered slow by the normal subjeets but allowed better comparison of the timing of

gait events between the subject groups. The temporal data show longer step duration and

double foot support duration for the normal subjeets than have been reported elsewhere

but this is presumed due to the low speed. The paraspastic subjects displayed similar mean

values for the aforementioned temporal factors as weIl as for stance-swing ratios and

phases of foot contact; however, the variability arnong paraspastic subjects was

considerably higher than the variability among nonnal subjects. The variability among

paraspastic subjects was especially high when they were required to waik without holding

a railing. The kinematic data for the knee and ankle show similar findings to those

reported by Knutsson and Richards (1979) in their second category (i.e. prolonged

flexion). However, Conrad and colleagues (1985) did not ascribe the increased flexion to

paresis but rather to a disordered pattern of muscle recruitment. They found that there

were frequently bursts of activity in quadriceps and/or hamstrings at the stance-swing

transition as well as prolongation of the normal early stance burst of harnstrings ioto most

of the stance phase. The latter EMG findings parailei the findings of Kerrigan and

colleagues (1991) in stiff-Iegged gait despite the differences in kinematic pattern. There

was early stance activation of gastrocnemius in several paraspastic subjeets and a generai

tlattening of the activation profile such that the muscle was active throughout most of

stance phase. The tibialis anterior aIso showed a disordered activation pattern in beiog

active longer in the first half of stance phase than was seen in the normal subjeets. The

authors propose that the disordered gait patterns are due to defective central generation of

muscle activity and increased influence of peripheral factors such as muscle lengthening on

muscle activation patterns (Conrad et al 1985).
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Fung and Barbeau (1989) described treadmill walking patterns in eight subjects with

spasticity and paresis due to traumatic spinal cord injury in all but one case. In the four

subjects who were able to manage only the Iowest treadmill speed (0.26 mis), the EMG

profiles were markedly abnormal. In particular, the tibialis anterior and gastrocnemius

muscles displayed hursts of activity in phases of the cycle in which they are not normaUy

active. Gastrocnemius was active in early stance in three subjeets and in swing in two

subjects. Tibialis anterior was active in mid-stance in three subjects. The timing of the

hamstrings muscle in one subject showed maximum activity in Iate stance to early swing,

in contrast to the nonnal pattern of maximum activity in late swing to early stance. The

abnormal profiles of muscle activation in these four subjeets bear sorne resemblance to the

stiff-Iegged subjects described by Kerrigan and colleagues (1991) as well as ta the subjects

with co-activation described by Knutsson and Richards (1979) and those described by

Conrad and colleagues (1985). In addition, the activation of gastrocnemius in early stance

is similar to the first category of abnonnai gait reported by Knutsson and Richards. The

four other subjects with spasticity and paresis reported by Fung and Barbeau (1989)

exhibited less marked abnorrnalities in their EMG profiles aIthough ail had shifts in the

timing within the cycle ofmaximum EMG activity ofat least one muscle recorded.

Among the spastic paretic subjects described by Fung and Barbeau (1989), two of the

subjects among those with more abnormal EMG profiles in waiking required hamess

support over the treadmill in order to sustain reciprocal stepping. The hamess system

supported approximately 40% of their body weight during their treadmill walking trials.

The use of such a hamess system is based on the observation in training spinalized cats

that providing partial body weight support of the hindquarters a1lowed the cats to express

a locomotor pattern that would not otherwise be visible due to loss of equilibrium. The

harness designed to provide body weight support (BWS) to human subjects was adapted

fust from a parachute hamess (Barbeau et al 1987b) and later trom a mountaineering

harness (Norman et al 1995). A study of normal subjects walking with harness support

revealed that the pattern of walking was essentially the same with BWS as it was without

it, with a few differences in relative stance duration, total angular excursion and EMG
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amplitude. There were no differences in cycle time, EMG timing or overall angular

excursion profile when speed was controlled across conditions (Finch et al 1991).

Visintin and Barbeau (1989) evaluated the treadmill walking pattern of spastic paretic

subjects, ail but one of them from spinal cord injury, at full weight-bearing (FWB) and

with 40% BWS. During the FWB condition, they found sirnilar abnonnalities in EMG

timing and angular excursion profiles to those reported in other studies of gait in subjects

with spasticity and paresis. Sorne of these abnormalities were a1leviated with 40% BWS.

For example, there was commonly less knee flexion during mid-stance and less

gastrocnemius activation at foot contact during the sequences at 40% BWS than in those

at FWB. Thus, similar to the findings reported for normal subjects (Finch et al 1991), the

use ofa hamess system for partial BWS does not substantially change the walking pattern

except possibly ta alleviate sorne deficits. When deviations in EMG timing and angular

excursion profiles are found in sel subjects during hamess-supported treadmill walking,

they are therefore not likely to be due to the harness system. Indeed, it is important to

bear in mind that subjects whose walking ability is studied with the use of a hamess

system may be incapable of any overground walking and are thus more disabled than most

subjects in other studies of spastic paretic gait. That is ta say, the harness does not induce

most of their deficits, but rather pennits an evaluation of walking that would otherwise

not be possible, and a1lows us to observe sorne of the deficits that may be contributing ta

their inability to walk overground. The findings that a harness system permits a walking

pattern that is approximately nonnal in cycle time, EMG timing and overaii angular

excursion profile are important because sorne of the studies of drug effects on waiking in

SCI subjects have made use of such a harness system for sorne subjects.

As noted in a previous section on drug treatments for spasticity, there are a few reports

that drugs with peripheral actions have been associated with improvement in walking in

sorne cases. These treatments are, however, lirnited in their scope because greater and

more widespread weakness or reduction in sensory input will doubtless eventually lead to

a deterioration in walking. That is not to disparage their clinicai usefulness for sorne cases.

Nonetheless, for the purposes of the present review, we will focus on drugs with central
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actions and their effects on walking in subjects with spasticity and paresis. The tirst

systematic investigations of the effects of antispastic drug therapy on walking were for

baclofen and tizanidine. Corston and colleagues (1981) reported the effects of tizanidine

(then known as DS 103-282) and baclofen compared with placebo in a double-blind

crossover trial in ten subjects with spasticity and paresis trom various causes. Maximum

total daily doses were 60 mg for baclofen and 24 mg for tizanidine~ both near the low end

of the range of doses reported in other studies. Knee and ankle angular excursion data

were obtained during overground walking. (The use of walking aids was not specified.)

They found few significant differences in mean ankle and knee angles at key points of the

gait cycle, and all represented a mean change of 1.50 or less. They concluded that ooly

minimal subjective and objective changes occurred in tbeir subjeets, with baclofen having

a marginally better effect than tizanidine.

AIthough there have been numerous reports of baclofen's effeets in SCI subjects,

especially since the intrathecal delivery mode has come ioto widespread use, it is difficult

to be sure of its effeets on walking. In many ofthe reports of intrathecal baclofen's effects,

the subjects have been severely disabled and the evaluation of walking was not performed.

In other reports, there is anecdotal infonnation about intrathecal baclofen's effects on

waJking. In sorne cases, subjects have been reported to have improved at walking (Azouvi

et al 1996, Broseta et al 1989, Latash et al 1990, Lazorthes et al 1990, Meythaler et al

1992b, Penn 1988, Saltuari et al 1992). In other cases, subjects have experienced

deterioration ofwaIking in response to a bolus dose ofintrathecal baclofen (Abel & Smith

1994, Loubser et al 1991, Sahuquillo et al 1991), and Many other reports discuss the

importance of titrating the dose carefully in subjects with voluntary motor control ta avoid

reducing the subjects' movement capacity (for review, see Campbell et al 1995).

In contrast to the literature regarding baclofen, there have been sorne detailed reports of

the etfects of a1pha-adrenergic agonists on walking. Knutsson (1983) reported the effects

oftizanidine (total dose 32 mglday) on the walking pattern ofa sel subject. In the control

evaluation, the subject's ankIe was plantart1exed at foot contact and moved toward

dorsiflexion throughout the cycle, aIthough rarely achieving more than a limited arnount of
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dorsiflexion. The triceps surae showed activation at foot contact with a prolonged burst

throughout stance and co-activation of tibialis anterior. The quadriceps showed little

aetivity at foot contact and a prolonged burst from approximately mid-stance to early

swing. In the tizanidine evaluation, the ankle excursion profile remained similar but was

shifted ioto a more dorsiflexed range, with generally a neutral position at foot contact.

This change was accompanied by a reduetion in triceps surae activity at foot contact and

reduced tibialis anterior co-activation through stance phase. The abnormal quadriceps

profile remained although it was reduced in amplitude.

Stewart and colleagues (1991) reported the effects of a double-blind, placebo-controlled

study of cIonidine on the walking pattern of SCI subjects (total dose range: 0.10 to 0.50

mg/day). Six of the nine subjeets had clinically complete spinal cord injury and their

walking pattern did not change with clonidine. That is to say, they continued to require

assistance for moving their legs in a stepping pattern while they were supported by a

hamess system over the treadmill. The finding that cIonidine was unable to trigger walking

in complete SCI subjects was recently replicated in two subjeets (Dietz et al 1995). Of the

three incomplete SCI subjeets reported by Stewart and colleagues (1991), one showed a

marked improvement in walking ability. The improvement included more nonnal muscle

activation patterns with decreased co-activation, as weil as reduced trunk flexion, greater

hip extension in late stance, more ankle dorsiflexion through early to mid-stance, and a

general reduction in the variability of the walking pattern. The other two subjects were

much less disabled at entry to the study and showed minimal changes with clonidine.

Bastings and colleagues (1995) also reported a more normal muscle activation pattern

during waIking in a spastic paretic subject who had been taking clonidine for two weeks

(dose: 0.375 mg/day), particularly in improved reciprocal activation of the tibialis anterior

and soleus muscles.

Recently, a brief report was published on the effects of an intrathecal injection of a bolus

of cIonidine on the overground walking pattern of incomplete sel subjeets (Rémy-Neris

et al 1996). Within a half-hour of the injection, subjeets showed an increase in maximal

overground walking speed (using parallel bars) that was maintained or increased over
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successive evaluations of walking during the subsequent six hours. Self-selected walking

speed remained unchanged even in the presence of change in maximal walking speed,

suggesting that short-tenn elonidine treatment may permit improvement in the walking

speed, but does not ereate it in the absence of additional effort by the subject. The

increases in maximal walking speed were associated with increases in step length. During

the same time period, the response to tlexor reflex stimulation and the resistance to

passive movement ofthe limbs were redueed. In the same subjeets, the changes in walking

speed, retlexes and resistance to passive movement were insignificant on days when

placebo injections were given. The reduction of signs of spasticity concurrent with

changes in walking speed suggest that intrathecal clonidine may be a highly useful

medication for SCI subjects, a1though the nature of the relationship among components of

spasticity and aspects ofwalking behaviour will need further investigation.

Cyproheptadine has also been studied for its effect on walking pattern in spastic paretic

subjects (Wainberg et al 1986, 1990). Wainberg and colleagues (1990) reported the

effects of cyproheptadine (maximum dose 24 mg/day) on spastic paretic subjeets. Six SCI

subjects participated in a double-blind, plaeebo-controlled triai. Three of the sel subjects

and one subject with idiopathie spastic paresis then participated in an open triai. The EMG

changes seen with cyproheptadine included a decrease in clonic discharge in

gastrocnemius in bath harness-using and non-hamess-using subjeets. In addition, the

quadriceps EMG burst was more restrieted to stance phase. The kinematic changes

included a more normal ankle excursion pattern with less plantarflexion at foot contact, as

well as a more normal knee excursion in swing. As with c10nidine (Stewart et al 1991), the

greatest effects were seen in the most disabled subjeets of those with partial motor

funetion (Wainberg et ai 1990). Frankel grades are not given for these subjects, but the

description ofthem suggests they would be assigned a Frankel C grade.

In summary, practical considerations such as speed and need for assistance seem to

detemùne the extent to which a SCI individuaI will use waIking as a mode of locomotion.

Thus, therapeutic interventions must be associated with change in one or more such

variables in order to be clinically useful. On the other hand, the nature of deficits in the
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quality of the walking pattern of SCI subjects has generally been described in terms of

muscle activation patterns and angular excursion patterns. Studies of drug effects over

short periods (e.g. several weeks) have generally relied on muscle activation patterns

and/or angular excursion patterns to show effects that distinguish successful drug

treatment from placebo or unsuccessful treatment. The rationale is that subtle changes in

pattern will logically presage changes in speed and other praetical considerations if the

latter cannat be measured over such a short period. However, if drug therapy or other

intervention permits a change in functionality of walking, this would be very important to

report. Thus, a study designed to compare effeets of different drugs on walking in SCI

subjects should examine both the quality of the gait pattern as weil as its functionality. To

distinguish among the etfects of drugs on quality of gait pattern, muscle activation and

angular excursion patterns May be examined while speed is controlled. To identify changes

in funetionality of walking, variables such as speed and need for assistance should aIso be

examined.

Concluding remaria and rationale for present study

There are several reasons to examine more c10sely the possible means of recovery of

walking in the SCI population. It remains a population of mostIy young people who, if

they survive the acute period post-injury, are likely to live for several decades. It is

increasingly becoming a population of people arnong whom most have partial preservation

of sensory and/or motor funetion and Many more probably have anatomically incomplete

injuries. New treatments for acute spinal cord injury, as weIl as Many treatments under

development, are likely to reduce the damage to the cord, particularly to the white matter

tracts passing through the zone of injury, thus improving the reciprocal connections

between the spinal cord and more rostral structures. There is thus a large and growing

proportion ofthe SCI population for whom walking is or will be attainable.

Since the development of effective antispastic drugs, a large proportion of SCI patients

are prescribed such therapy and sorne are still recommended for surgical approaches to

reduce spasticity. Although antispastic treatment is fairly common across the speetrum of
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severity of the spinal cord injury, the rates of antispastic treatment appear to be highest

among those with severe partial injuries. The basis for most of the drug and surgical

therapies has been the reduction of motor responses attributable to reflexes, either by

reducing peripheral inputs or motor output directly, or by reducing reflexes through a

central etfect. There is little evidence that most clinicat efforts to normalize the motor

patterns of SCI patients take into account the findings regarding the phannacology of

locomotion in the spinal cord of other animaIs. The principle of considering

simultaneously a drug's effects on spasticity and its effects on waiking is increasingly

important for drug therapy.

A network ofpattern-generating elements exist within the spinal cord of numerous species

of animais, almost certainly including humans. The essential neurotransmitters in the

locomotor network itself appear to be glutamate and glycine. There are no immediate

clinical options for aItering transmission in these pathways to improve walking without

having highly undesirable side effects. There are more immediately promising avenues of

therapy regarding the neurotransmitters that have been shown to have modulatory effects

on locomotion. With regard to noradrenaline, the evidence of clonidine's effects on

initiating and modulating walking in cats suggests that the clonidine may be usefuI in the

recovery of walking in SCI humans, and this suggestion has been supported by sorne of

the findings in sel humans. The finding in both cats and humans that it reduces motor

responses to cutaneous reflexes makes clonidine additionally useful. However, the finding

that clonidine led to a deterioration of a well-established locomotor pattern suggests that

dosage should be titrated particularly carefully in subjeets who have already recovered

sorne ability to walk. Tizanidine is sufficiently similar to cIonidine that it May have the

potential for sirnilar effects on walking, although tbis will require further research.

Furthermore, the findings regarding the effeets of noradrenergic drugs in locomotion

suggest that it is difficult to consider any longer the possibility of using noradrenergic

antagonists to reduce spasticity in SCI humans who have sorne potential to recover

walking.
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Serotonin bas also been shown to have a neuromodulatory role in locomotion, particularly

at the level of motor output of spinal pattem-generating systems. In the chronic spinal cat

with an established locomotor patte~ an increase in activation of serotonergic receptors

was associated with a modulation of locomotion including brisk movements that

resembled spasms seen in SCI humans. Cyproheptadine, a serotonergic antagonist, was

able to block these effeets. Cyproheptadine has also been shown to reduce signs of

spasticity and improve walking in human subjects with spasticity and paresis. GABA has

also been shown to have a neuromodulatory role in locomotion. Activation of GABA

receptors has reduced motor output, in sorne ways similar to blocking serotonergic

receptors, but has in addition been shown to reduce locomotor drive. These findings

suggest that GABAergic drugs may be very useful in reducing signs of spasticity, as

indeed baclofen has proven to be, but that their effects on walking will require careful

investigation.

In conclusion, the present study was designed to address the issue of modulating walking

patterns with drugs that may also be used ta treat spasticity. The rationale for each of

clonidine and cyproheptadine have been developed from studies of the recovery and

modulation of locomotion in spinalized animals. Each of them has been studied in human

subjects with spasticity and paresis, mostly from spinal cord injury, and each has been

shown ta have a beneficial effect on walking pattern. Neither drug has been compared to

other drugs in their effect on walking and the present study was designed to allow a

comparison of effects within a group of SCI subjects who all try each of the drogs. The

decision was made to make the study a three-way comparison including baclofen because

the latter is the MOst commonly used and widely supported drug to treat spasticity in

patients with spinal lesions, but there has been aImost no study of its effect on walking

pattern. Furtbermore, the findings regarding GABAergic effeets on locomotion in animal

models of spinal cord injury suggest that we need to examine carefully whether baclofen

has an effect on walking. It is hoped that, with a thorough consideration of both clinica1

considerations and implications of basic research, the potential for walking may be
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extended ta a larger and larger proportion of people who have sustained spinal cord

rnJury.
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MANUSCRIPT#l: A tTeadmUl apparatus and harness supportfor

evaluation and rehabüitation ofgait

Abstract

This report describes a treadmill apparatus for the evaIuation and rehabilitation ofgait in

disabled persons. The apparatus incorporates a body weight support system as weIl as

mechanisms to change certain conditions: treadmill belt speed, upward- downward and

lateraI slopes, and provision of obstacles. The apparatus enables elements of a treadmill

walking pattern to be visible in persons for whom gait evaIuation or rehabilitation May

not otherwise be possible. It also allows for exploration of factors that limit the

adaptability ofgait in persons after disease or injury by changing the mechanical demand

of the locomotor task.
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IntroduCtiOD

A motorized treadmill can be a useful tool in both gait research and gait rehabilitation.

Although differences exist between treadmill walking and overground walking, there are

similarities as well (Arsenault et al 1986, Murray et al 1985, Strathy et al 1983).

Furthennore, the use ofa treadmill to evaluate walking has several advantages in certain

situations. One such advantage is that it aIlows for someone to walk continuously within

a restrained space. Another advantage is the ability to use a hamess support system for

partial weight bearing for individuals who have irnpaired motor function and in whom

gait is otherwise difficult to evaluate. An earlier system constructed to provide body

weight support over a treadmill was described in a previous study (Barbeau et al

1987b). It can also he advantageous for evaluation or training purposes to have close

control of gait speed, which is provided by a motorized treadmill. In addition, Many

treadmills can provide an uphill walking surface, thus providing a different locomotor

task. Unfortunately, sorne commercially available treadmills have a minimum speed that

is faster than the maximum speed of many people with gait disorders. Furthermore,

most such treadmills can ooly provide two of the environmental conditions found in the

extemal world: namely, level and uphill conditions. The treadmill of the earlier system

(Barbeau et al 1987b) had these speed constraints and was unable ta provide slope

conditions. In order to provide steady slow treadmill speeds, and to provide additional

environrnental demands, a special treadmill apparatus was designed.

The first purpose of this report is to describe a treadmill apparatus that has been

designed to a1low partial weight bearing with hamess support and to provide the

conditions of (1) level walking, (2) walking speeds ranging from nearly 0 to fast

walking, (3) walking on uphill, downhill, left lateral or right lateral slopes, and (4)

stepping over obstacles. The second purpose of this report is to oudine sorne examples

of the research results and discuss the potential clinical applications of such a treadmill

system.
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Methods: system description

The entire treadmill apparatus (without the obstacle delivery apparatus attached) is a

steel structure 2.4m long, 2.9Sm high and 1.2m wide. For c1arity of description, these

directions will be termed X, Y and Z, respectively. AlI components of the apparatus

were constnJeted by Industries Auteca Limitée except where indicated otherwise. The

body-weight-support system, the treadmill belt movement and the slopes are ail

controUed by a hydraulic motor which has a power output of 1.64kW.

Treadmill Structure

The essential structural features of the treadmill apparatus are illustrated in the

schematic diagram (fig 1). The treadmill belt is a loop of synthetic rubber and nylon

3.7Sm long which passes around 2 cylinders ofO.31m diameter. The belt is supported as

it passes along the top surface between the two cylinders by a steel plate (1.26m x

D.Slm). The unit fonned by the belt, the two cylinders and the plate is supported by an

axle along its width which allows the unit to be adjusted for uphill or downhill walking

(maximum 16° (=29%) each direction). This Z-axis axIe (fig 1, part 2c) is supported by

a C-shaped piece which is in tum supported at three points. At the ends of the C, under

the attachments of the Z-axis axle, two support columns are attached to a circle sector

of steel that slides over wheels mounted in the treadmill structure's base (fig 1, part 2e).

At the middle of the C, the treadmill unit is supported by the X-axis axle (fig 1, part 2d)

which a110ws lateral sIopes (maximum 11° (=190A») each direction).

Parallel bars are attached on vertical beams at one end of the apparatus and are

adjustable from O.48m to O.98m in height from the walking surface. The bars are

independent ofthe slope mechanisms and thus remain at the same height and level when

either of the slopes is altered. Additional bars can be mounted perpendicular to the

parallel bars for those subjeets who prefer such an arrangement (not shown in fig).
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Figure 1: schematic diagram oftreadmill

(j) Obstacle delivery apparatus

The obstacle delivery apparatus is attached to the rest of the treadmill apparatus only

when needed.

(2) Treadmill and nies 1 ® Power uoit and support structure

<Z> and @ are permanently attached to one another, and have been separated in the

schematic only to ilIustrate the slope mechanisms more clearly.

a. Cut-away view to illustrate the internai mechanism of roUers that allows the rubber

loops to be driven by the treadmill belt. (See text.)

Metal hooks on the obstacle delivery apparatus for attachrnent to the treadmiU.

Z-axis axle for uphill and downhill sIopes.

X-axis axIe for lateral sIopes, physical connections from Q) to cr>, as indicated by
large arrow.

The partial circle under the upright supports rests on two wheels in the support

structure (the near horizontal beam ofthe support structure has been partIy eut

away for illustration).

f. The upright beam houses electrical and hydraulic connections (further connections

to power unit are not illustrated, but they follow the direction indicated by arrow,

immediately above X-axIe direction).

g. Parallel bars are mounted on a sliding mechanism. (Additional crossbars and

detachable reinforcements not illustrated.)

h. Metal bar with clips is the point of attachment for the hamess (latter illustrated in

Figure 2).

i. Pulley can be fixed in any of 13 positions along the beam.

J. Load cell for the body-weight-support system.

k. Control panel
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Speed

The hydraulic motor bas two gears for control of treadmill speed. The first gear allows

speeds ranging from O.02m1s to approximately O.70m/s whereas the second gear allows

speeds up to 2.0m/s. A two-gear system was developed in order ta have a higher gear

ratio and therefore higher torque for low treadmill speeds. Thus, the resistance arising

from most subjects on the belt causes little fluctuation in belt speed. The resistance can

arise simply from the mass of the subject or from extensor spasms in certain subjeets.

The motor is constructed such that the treadmill belt can rotate in either direction. Thus,

for forward walkin& either the right or left side of a subject can be filmed without

moving the cameras or the treadmill.

S/opes

Through the axles described earlier, the treadmill walking surface can be inclined along

ilS Z-axis for uphill and downhill conditions or cao be inclined a10ng its X-axis for

lateral slope conditions. It can be inclined in two directions at once, and it can be put in

a mode in which either or both of the slope functions is cyclically fluctuating between

limits set by the experimenter.

Obstacle Delivery APJXUatus

In one direction oftreadmill belt rotation (the positive X-direction in fig 1) the treadmill

can be configured for the delivery of obstacles. A treadmill extension can be hooked

ioto place at the end of the treadmill (fig l, part 2b). It is suitable for lightweight

obstacles such as boxes of plastic or foam. The surface of the extension apparatus is

1.6Sm long and it has loops of rubber around rollers (O.04m diameter) at either end.

The centre loop is O.09m wide and is looped through a series ofthree rollers undemeath

the surface. The rollers are mounted on a spring mechanism that ensures that the free

side of one roller is in contact with the treadmiU belt (fig 1, part 2a). When the

extension apparatus is attached to the treadmill, the motion of the main treadmill belt

drives the roller to produce movement of the centre [oop at the same speed as the

treadmill belt. The movement of the center loop causes the other loops ta rotate with il.
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Thus, an object placed at the end of the obstacle delivery apparatus will be about 2m

away from the walking subj~ clearly visible, approaching at the same speed as the

treadrnill belt movement, and will transfer smoothly to the belt. The small gap between

the rubber loops and the treadmill belt requires that objects be at least O.ISm in length

aIong the direction oftravel ofthe belt (X-axis).

Body-Weight-SuJ!POrt Svstem

An electrically controUed body-weight-support system has been described previously

(Barbeau et al 1987b). Although the principles remain the same, modifications have

been made for subject comfort and for compatibility with the upgraded treadmill system.

The previous harness successfully discouraged the hip flexion and abduction patterns

encouraged by standard parachute and mountaineering harnesses but frequently caused

pressure in the perineum which could become întolerable. The present hamess (designed

by Richard Lefebvre, Kinésiologue) is ilIustrated in figure 2. It consists ofpadded straps

for each upper thigh, each attached by three vertical straps to a padded pelvis beit from

which arise two wide straps to go over the shoulders. The thigh straps and their vertical

attachment straps are aIl secured by bucldes which cao be detached quickly if required

(Fastex SRI). The pelvis belt is secured by two large buckles (Fastex SR2). AlI buckle

locations are indicated schematically in figure 2. Because the pieces are aIl detachable,

the hamess cao be applied in a sitting position for those subjects who cannot stand while

it is applied. The principal movement restriction it causes is a reduetion in extremes of

hip flexion and extension (Barbeau & Blunt 1991). Because the subjeets for whom it is

intended are generally not capable of walking with long strides, the hip excursion

restriction is usually ofno practical significance.

The shoulder straps have buckles identical to those on the pelvis belt (Fastex SR2) and

they attach to short straps which hang from a steel bar which descends from a length of

automotive seatbelt strapping. The latter strap runs over two pulleys and is attached to

a hydraulic cylinder. The pulley closer to the harness cao be adjusted in its position

aIong the length ofa beam parallel to the treadmill walking surface (i.e. X-direction)
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Figure 2: harness

Drawing adapted from video images of persan wearing the harness attached to its

overhead supports. The person is standing on the treadmiI1 with hands on parallei bars.

The locations ofquick-release (Fastex) bucldes are indicated. A. from the front; B. from

the rear.
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IBI Fastex SR2 buckle

• fastex SR1 buckle
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and 2.25m above it. For any fixed position of the overhead pulley and strap Jength, a

change in the hydraulic cylinder changes the resting height of the hamess from the

treadmill surface and thus changes the support received by the subject. However, for

any harness height, the support received can vary according to the support moments

generated by the subject's legs (on the walking surface) and/or arms (on the parallel

bars). At the base of the hydraulic cylinder rests a load œil (Intertechnology, Inc.)

which is linked to a digital display showing the total mass (kg) supported by the pulley

system. The Joad cell output can also be recorded as an analog signal in conjunction

with other analog signaIs. The load cell bas been calibrated to measure up to 227kg and

the harness is adequately comfortahle for complete suspension of the subjeet. Thus, a

subject using the harness can be suspended completely for a brief period in order to

ascertain hislher full weight. Subsequent readings of support in kilograms can then be

calculated as a percent ofbody weight.

Evaluation ofSubjects

The treadmill apparatus is used principaIly for the study of gait patterns and how these

patterns change in association with experimental and/or therapeutic interventions. The

patient populations of interest in the laboratory are primarily those with spasticity and

paresis from central nervous system lesions. For example, spinal-cord-injured (SCI)

subjects have been evaluated before, during, and after periods of medication (Norman &

Barbeau 1993b) or gait training with the assistance of functionaI electrical stimulation

(Ladouceur et aI 1993). Also, SCI subjects have been compared with normal subjects in

their ability to adapt their gait pattern to different speeds and slopes of treadmill motion

(pépin & Barbeau 1992).

In evaIuation of subjects using the treadmill apparatus, gait pattern is quantified using

any or aIl of the following means: (1) speed and slope of treadmill belt motion; (2)

body-weight-support levels; (3) muscle activation patterns trom surface

electromyography; (4) kinematic measurements from digitization of video recordings;

(5) temporal parameters from footswitch signals; and (6) modulation ofreflexes.
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For the foUowing case reports, gait pattern was evaluated in tenns of speed and support

levels. In each case, the subject remained seated while the hamess was applied. The

treadmill was rendered wheelchair accessible by inclining it about the Z-axis axle, such

that the left side (as the treadmill is viewed in fig 1) was lowered and the right side

raised. A wooden ramp was placed at the lower encL and the subject was wheeled

directly on ta the treadmill which was then returned to the level position. The subject

was assisted to rise ta a standing position by the harness system. For the sequences in

which a subjeet required assistance ta move bis legs, the height of the walking surface

tram the floor (O.SSm) was an advantage in that the person{s) assisting the subjeet's leg

movernent remained standing for the task. AlI procedures were approved by the ethics

committee of the university, as weIl as by the ethics committees of the rehabilitation

institutions at which these individuals had previously been inpatients.

Results

The following case reports illustrate how the present apparatus can be used to examine

gait pattern for bath experirnental and rehabilitation purposes. Both case reports

describe subjects who were participating in a study of medication etfects. A1though

medications were associated with changes in gait pattern in sorne cases, it is not the

intent of this paper to describe Medication effects because they are described elsewhere.

Rather, the following cases were selected on the basis of what they illustrate about the

locomotor capacity that can be revealed with the use of such a treadmill and support

apparatus.

Case Report J

The subjeet was a 20-year-old man who had sustained a C4-CS spinal injury S years

before evaluation at the laboratory. His neurological level of injury (NLn was CS with

an impairment (Frankel) grade of C (Ditunno et al 1994). His trunk and lower lirnb

muscles were ail grade 2 or less. He could propel himself in a lightweight wheelchair
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over level surfaces. He required assistance for all transfers and was unable to stan<L

even with the assistance of several people.

In the tirst evaluation, the hamess system provided him with support~ sometimes to near

bis total body weight (9Skg) when effort or cutaneous stimuli provoked flexor spasms

in bis lower limbs. He had sufficient use ofbis arms that he could place his hands on the

parailel bars and reduce the tendency for his trunk to swing (i.e. rotation about the

Y-axis) when he attempted to move bis legs. He did not have sufficient strength to

support any more than a small proportion ofbis weight through bis upper Iimbs.

When the subject was raised to a near-standing positio~ bis posture was typical ofwhat

is observed in subjects who require support of more than half of their body weight

through the hamess system. His hips and knees were flexed and contact with the

treadmill belt was made only with the forefoot on each side. Lowering the height of the

hamess resulted merely in increased flexion at aIl lower limb joints but no change in the

amount of weight registered by the system. Attempts at stepping at low hamess levels

were unsuccessful because it was prohibitively difficult to swing one foot past the other.

By contrast~ raising the height of the harness resulted in greater knee extension and

ankle plantartlexion and an increase in the arnount of weight registered by the

transducer. Attempts at stepping were unsuccessful because bis feet did not make

adequate contact with the treadmill belt. The height of the harness was initiaUy

determined by the experimenters and then by the subjeet as he gained experience with

the apparatus.

After the harness height had been stabilized~ the treadmill belt was started at ilS minimal

speed~ and the subjeet was assisted in advancing bis lower Iimbs, one at a time. He was

able to tolerate a few minutes at a time, with breaks to sit and rest in between. After

several sequences, the treadmill speed was increased to 0.05 mis and the subject

succeeded in stepping without assistance.

In one of bis subsequent evaIuations, bis posture remained essentiaUy the same (fig 3)

aIthough the body-weight-support system registered Iower values ofmass supported for
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comparable speed (fig 4A). During this evaluatio~ he could follow treadmill speeds up

to O.20m1s with relative ease and up to O.2Sm/s with difficulty (fig 4B). He remained

incapable ofoverground locomotion (fig 4C)

Case Report 2

The subject was a 32-year-old man who had sustained a C4-C5 spinal injury 14 months

before evaluation at the laboratory. His NLI was CS with an impainnent grade of C.

The strength of bis tnmk and lower limb muscles was mostly grade 2-3. He could

propel himself independently in a Iightweight wheelchair over level surfaces, but he

required assistance for aIl transfers. He was able to rise to a standing position with

assistance and could rnaintain standing for brief periods, by leaning with bis foreanns on

a roUing walker equipped with horizontal forearm supports.

The ranges of treadmill speed and percentage of bis body weight supported by the

apparatus are shown in figures 4D and E. Data from two of bis evaluations are

illustrated. In the first of those two evaluations, he was initially assisted in advancing bis

lower limbs, similarly to the subject described in the first case report. He required

assistance for most of the evaluation, although he could perform short sequences

without assistance. Although bis need for assistance was similar to the previous case

report, bis posture was different. He remained more upright throughout aImost all

sequences, with bis knees and hips generally more extended. During most of stance

phase on each side, bis entire foot was in contact with the treadmill belt. The lower

body weight support values are reflective ofbis greater ability to rnaintain stance.

For the latter of the two evaluations, he was able to manage higher treadmill speeds

while still using the hamess system for partial support. He did not need any assistance to

advance either foot as the treadmill belt moved. At this time he was also able to walk on

a smooth floor using a roUing walker with forearm supports at a speed of O.10mls (fig

4F), aIthough for shorter periods of time than was possible on the treadmill with harness

support.
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Figure 3: Drawing to ülustrate subject'sposture

The drawing was traced from a video image of the subject of Case Report 1 during

independent stepping with harness support on the treadmill in the later evaluation. For

simplicity of illustration, only the harness clips, parallei bars and belt of the treadmill

apparatus are sho~ and all elements of measuring and recording equipment have been

deleted from the image.
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l Figure 4: Body weight support and speed data for the subjects ofthe case

reports.

AB,C: Case Report 1. O,E.F: Case Report 2

A&D: the range of body weight support used during independent sequences on the

treadmill, as a percentage of total body weight.

B&E: the range oftreadmill belt speeds for which the subject could continue stepping: a

minimum of ten steps in the earlier evaluations; a minimum of twenty steps in the Iater

evaluations.

C: The subjeet ofCase Report 1 remained incapable ofoverground waJking.

F: The subjeet of Case Report 2 developed the ability to waJk overground with a rolling

wa1ker with forearm support troughs.
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Figure 4
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Discussion

The rationale for the development of the present system to provide partial support of

body weight durlng locomotor training arose from results obtained from locomotor

training in adult cats spinalized at a low thoracic level (Barbeau & Rossignol 1987). An

interactive training approach was developed with the spinal-transected cats, such that

each cat received support to reduce the weight borne by the hindquarters during

treadmill locomotion. The support was progressively reduced, in accordance with the

catis improving abilities to control the posture and movement of the hindquarters. The

principle of providing mechanical support during therapeutic exercise is well-known in

rehabilitation (Kisner & Colby 1990, Palmer 1992). However, a means of doing sa is

often not feasible for severely disabled people in the rehabilitation ofgait. The apparatus

described here was designed partly to investigate the factors that limit overground gait.

It also May provide a means for Many of these people to participate in rehabilitation

efforts to restore gait.

A conceptual framework for gait rehabilitation requires an understanding of what is

required for any locomotor pattern to be successful. Forssberg (1982) identified that the

neural control of locomotion must involve the production of a basic locomotor rhythm,

support against gravity, propulsion, equilibrium control and adjustment for

environmental contraints and goals. Within the literature regarding neural control of

locomotion in animal models, the presence ofpatterned motor output following induced

neurological damage is taken as evidence of recovery of function. However, for the

rehabilitation of patients with gait disorders, functional recovery encompasses not only

pattemed motor output but also the ability to use the motor output for tasks or

activities the patients wish to accomplish. Patla (1991 a,b) proposed a model in which

the core locomotor patterns of rhythmic activation of the limbs form ooly the most

rudimentary elements of locomotion. In this model, components of propulsion,

equilibrium control and adaptations for contexts and goals, and minimization of both

tissue stress and energy expenditure form layers on top of the core locomotor pattern. It
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is ooly when all of the components are adequately addressed that rehabilitation may

enable patients ta achieve functional recovery ofgait as a mode of locomotion.

Neurologica1 trauma or disease can disrupt an individual's capacity for gait as a mode of

locomotion. The disruption cao arise from deficits in several or all of the components.

In searching to improve rehabilitation strategies, it is important to characterize the

nature and extent of the gait deficit in neurological populations, and to provide a basis

for evaluating interventions 50ch as medications, surgery, physical therapy techniques or

application of orthotic devices. It is also important to develop strategies for

rehabilitation which allow for the possibility of adjusting the level of difficulty of the

components of locomotion, thus providing locomotor tasks which appropriately

challenge the individual. It was for these purposes that the present apparatus was

designed and constructed.

The Use ofthe Aoparatlls to Describe and Quantify Gail Pattern

Previous versions of the hamess system have proven to be a valuable tool in the

evaluation of other rehabilitation interventions. Pharmacological interventions, for

example, appear ta produce the most striking changes in very disabled subjects (Fung et

al 1990, Stewart et al 1991, Wainberg et al 1990). According ta the modeI described

earlier, 50ch subjeets are struggIing to express the core locomotor pattern and have little

or no capacity for other components of 50ccessful locomotion. The use of the hamess

and treadmill apparatus bas important implications for comparison of data with data

obtained in other contexts. For most situations in which hamess support was provided

as part of the evaluation method, the subjeets would have been incapable of

participating in a gait evaluation without such support, as was certainly the situation for

the subjects of the case reports. Presumably, the constraints of support against gravity

and equilibrium control were lessened by the barness support, and the constraint of

propulsion was lessened by the motorized treadmill, such that sorne elements ofwalking

were expressed in a way that was not otherwise possible. Such subjects are substantially
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more disabled than most of those upon which most of the literature of spastic paretic

gait is based (Conrad et al 1985, Dietz et al 1981, Fung & Barbeau 1989).

The expression of sorne elements of a walking pattern may not constitute funetional

recovery as it is generally defined by the rehabilitation community, since the pattern can

ooly he observed in the context provided by the harness and the treadmill. However, it

is worthwhiIe to explore locomotion at this leveI since a core locomotor pattern is a

necessary component of any future funetional recovery. As the fields of neuroscience

and biomedical engineering contn"bute potential treatment options for neurological

disorders, tools will he needed to assist in identifying whether such treatment options

alter the potential for recovery oflocomotion.

Similarly, adaptation to treadmill walking conditions, such as obstacles, speed changes

or slope changes, are slightly different trom the adaptations needed in functional

overground walking. However, for individuals who have already recovered sorne

capacity for walking, such closely controlled tasks may revea1 changes in their capacity

for adaptation in response to experimental or therapeutic interventions. For therapeutic

interventions, it can he hypothesized that changes would be marûfest in such controUed

conditions before they would translate ioto global funetional improvements, although

research is required to address these issues.

The gait of individuals with neurological dysfunction differs trom normal gait in severa!

ways. Differences have been reported in muscle activity patterns and joint angle patterns

(Conrad et al 1985, Dietz et al 1981, Fung & Barbeau 1989). However, there exist

differences in the gait patterns of normal subjects when they are required to walk at

speeds other than self-selected comfortahle walking speeds ~lIsson et al 1985, Shiavi

et al 1987). For those individuals who tan only walk slowly, it is important to detennine

the extent to which the abnormalities seen in their locomotor patterns are a resu1t rather

than a cause of the slow speed. Preliminary results have shown, for example, that longer

stance and cycle durations and smaller angular excursions were observed in nonnal

subjects walking at speeds similar to those of spinaI-cord-injured subjects (0.1 to
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O.3rn/s) (Pépin & Barbeau 1992). Thus, sorne characteristics of the gait of disabled

subjects are readily evident in normal subjects who are walking at comparable speeds.

Since the speed oftravel is an important determinant of whether walking is preferred to

wheelchair use, it is important to understand the factors which limit a person's speed. In

addition, because ManY environments include nonlevel surfaces, it is important to

understand the factors which limit a person's ability to manage such environments.

Research ioto the above issues will be useful for the ongoing development of concepts

and tools for gait rehabilitation.

The Use ofthe Apparatus for Rehabilitation

When neurological trauma or disease disrupts an individual's ability ta walk, gait

rehabilitation efforts can be constrained. If an individual is incapable of independent

equilibrium control whiIe stepping, and cannot safely be guarded by the rehabilitation

staff: attempts to walk are generally not feasible. The subjects described in the case

reports provide examples of how locomotor evaIuation and training could be made

feasihle by a harness and slow-speed treadmill. Although the case reports of this report

describe individuals with severe gait deficits, systems with body weight support have

been used with individuals of a wide range of disability from a number of different

causes. Thus, it is envisaged that the apparatus described here may prove to he very

useful for gait rehabilitation. However, the topic has been weIl reviewed already. The

effects of using a harness system in Iocomotor rehabilitation are discussed in previous

publications trom this laboratory (Barbeau & BIunt 1991, Barbeau & Fung 1992,

Barbeau et al 1987b, 1993b, Finch et al 1991, Fung et al 1990, Visintin & Barbeau

1989, 1994) and elsewhere (Dobkin et al 1992, Harbum et al 1993, Hesse et al 1994,

Ratliff et al 1993, Wernig & Müller 1992). In particular, a recent review (Barbeau &

Rossignol 1994) describes the development of the rationale for gait training with

hamess support, and provides a Iist of other research groups using similar or identical

devices.
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Apart from the harness support syste~ the changes in environmental demand that are

possible with the present apparatus may allow for other treadmill-based strategies for

gait rehabilitation. The differences in treadmill and overground contexts regarding the

demands for propulsion and equilibrium control will doubtless limit the transfer of

treadmilI locomotor skilIs to functionai overground locomotion. Nonetheless, altering

the mechanica1 demands of the task alters the output required of the Iocomotor system,

thus creating opportunities for training of specifie components ofgait. Further research

is required to determine to what degree gait rehabilitation can be facilitated when such

opportunities are created.

The treadmilI apparatus was developed to provide conditions for locomotor evaluation

and rehabilitation that are frequently impraetical in an indoor overground situation and

unavailable with many commercially avaiJable treadmills. It enables the study of

locomotor pattern in people with severe gait disability, as weil as the study of gait

adaptability in Donnai and disabled subjeets. It may thus assist both in the evaluation of

interventions to improve gait pattern and in the process of rehabilitating patients with

gait disabilities.
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MANUSCRIPT #2: Effects ofdrugs on walking in Sel subjects

INTRODUCTION

It has long been understood that recovery from spinal cord injury is better when there bas

been partial preservation of neurological function caudal to the lesion. This is commonly

referred to as an incomplete injury, indicating that the loss of sensory and/or motor

function has been incomplete. The proportion of injuries that result in incomplete loss of

motor and/or sensory function now form the majority of SCI cases in many countries

(Dixon et al 1993, Knutsclottir 1993, Shingu et al 1995, Silberstein & Rabinovich 1995,

Stover & Fine 1986, Tator et al 1993). The proportion ofnewly injured sel patients who

are capable of reciprocal gait by discharge from rehabilitation is approximately

one-quarter to one-third (Knutsdottir 1993, Stover & Fine 1986) and may rise with

improved management of acute injuries. However, many patients who are able to walk

need assistive devices and do not use walking as their primary mode of locomotion.

A spinal cord injury interrupts or alters the funetion of systems that project to the spinal

cord and thus changes the inputs to the neurons of the cord. There are alterations in

voluntary movement patterns including waiking patterns and, in many cases, signs of

spasticity. In spinal cord injury and in other neurological disorders the clinicai signs of

abnormal gait and spasticity are often associated with one another, aIthough the nature of

their relationship is unclear (Conrad et al 1985, Dietz et al 1981, Fung & Barbeau 1989,

Kerrigan et al 1991, Knutsson & Richards 1979). Spasticity has been found to be

generally of greater severity among SCI patients with incomplete 10ss of motor and/or

sensory function than among SCI patients with complete loss of sensory and motor

function (Little et al 1989). It is thus unsurprising that antispastic treatment is frequently

recommended to patients with incomplete injuries. In recent studies of standard clinical

care, it was found that over one-third of SCI patients received medical or surgical

treatment for spasticity within rehabilitation, including over half of those with severe

incomplete injuries (Maynard et al 1990, 1995). Thus, therapeutic strategies for

controIling spasticity are often applied to patients for whom substantiai recovery of

voluntary control, including walking, may be possible. Many of the therapeutic strategies
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are directed at neurotransmitter systems that have been shown in animal models to play a

role in the modulation of locomotion. It is thus important to examine these strategies in

light of findings regarding locomotor control. For the purposes of this study, we have

focussed on the raies of noradrenaline, serotonin and gamma amino-butyric acid (GABA)

in the motor systems of the spinal cord.

Noradrenergic projections to the spinal cord have been implicated in the regulation of

reflexes as weIl as the control of locomotion (Fung et al 1991, Jankowska 1992, Marshall

1983, Rossignol & Dubuc 1994). The effects ofnoradrenergic drugs on locomotion have

been extensively studied in cats with low spinal transections. Following spinal transection

at T13, an adult cat will regain the ability to perform hindlimb walking on a motorized

treadmill with daily training for 1-3 months (Barbeau & Rossignol 1987, Lovely et al

1986). Similar recovery can be achieved in cats over a period ofjust 6-11 days after spinal

cord transection with daily injections of clonidine, a noradrenergic a1pha-2 agonist, in

conjunction with daily locomotor training (Barbeau et al 1993a).

Serotonergic neurons projecting to the spinal cord have been hypothesized to be one of

facilitating motor output, particularly rhythmic motor output (Jacobs & Fornai 1993,

Wallis 1994). Specifically, they have been implicated in modulating the amplitude of

reflexes (reviewed in Anderson 1983) as weil as the amplitude ofmotor neuron or muscle

activity during locomotion (reviewed in Grillner & Dubuc 1988). Barbeau and Rossignol

(1990) reported the results of administering 5-hydroxytryptophan (the precursor of

serotonin) or serotonergic agonists to the adult chronic spinal cat with a well-established

treadmill locomotor pattern. The serotonergic activation resulted in increased

electromyographic (EMG) amplitude of both f1exor and extensor muscles in a pattern

suggestive of human spasticity. These effects were blocked by cyproheptadine, a

serotonergic antagonist, and the previous locomotor pattern was partially restored.

GABAergic neurons intrinsic to the spinal cord are located throughout the spinal grey

matter, with a high concentration in the dorsal hom where GABAergic neurons play a role

in presynaptic inhibition (Barber & McLaughlin 1980, Nistri 1983). The success of
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baclofe~ a GABAg agonist, in treating spasticity is attributed to its capacity to reduce the

transmission iTom sensory afferents to motor neurons (Davidoff 1985~ Milanov 1992).

Baclofen bas been in clinical use for spasticity in SCI patients for over twenty years in

many countries (Birkmayer 1971, Feldman et al 1980) and has increasingly been used in

an intrathecal application to reduce the central side effects (Broseta et al 1989, Lazorthes

et al 1990, Penn et al 1989). Baclofen treatment~ oral or intrathecal, bas been associated

with improvements in sorne aspects of motor function (Azouvi et al 1996, Parke et al

1989) but whether it has specifie effects on recovery of walking has received titde

attention. In parallel with baclofen's use as an antispastic medieation in SCI patients~

GABAergic drugs have been studied for their effects on locomotion in animal models. As

an inhibitory transmitter, it was hypothesized to play a role in inhibiting locomotion at a

spinal level (Grillner & Dubuc 1988). More recent research bas suggested that that

hypothesis should be refined to reflect roles for spinal GABAergjc neurons not only in

"braking" locomotion (Cazalets et al 1994) but a1so in modulating the motor output of an

ongoing locomotor pattern (Cazalets et al 1994, Tegner et al 1993). In light of these

results, it is important to evaluate baclofen's effects on walking following spinal cord

lnJury.

In contrast to baclofen, cIonidine and cyproheptadine have both been studied for their

effects on walking pattern in SCI humans (Fung et al 1990, Stewart et al 1991, Wainberg

et al 1990). Clonidine did not affect locomotion in SCI subjeets with functionally complete

injuries (Dietz et al 1995, Stewart et al 1991), but was associated with improved walking

in SCI subjects with incomplete injuries (Stewart et al 1991). Cyproheptadine has been

associated with an improvement in walking pattern in subjeets with spastic paresis (Fung

et al 1990, Wainberg et al 1990). However, clonidine and cyproheptadine have not been

compared to each other, and neither has been compared to bacIofeo. SCI subjeets more

than one year post-injury were recruited to participate, based on the observation that the

majority of neurological recovery has taken place by the end of the first year (Ditunno et

al 1992, Piepmeier & Jenkins 1988).

73



:~

".
:...

..

The purpose of the present study, therefore, was to compare the effects of clonidine,

cyproheptadine and baclofen on the walking pattern of SCI subjeets who had sustained

incomplete lesions more than one year before entering the study. A repeated single-subject

design was seleeted in order ta maximize the number of subjeets in whom the effeets of

the drugs could be studied. Preliminary results of this study have been reported previously

(Nonnan & Barbeau 1992, 1993a,b).

METRons:

Subjects:

Twelve subjeets were recruited to participate in the study based on the following inclusion

criteria: incomplete spinal cord injury more than 1 year previously, with motor sparing and

hyperreflexia; no other neurological diagnoses or major orthopedie diagnoses; and not

taking any drug known or suspeeted to alter muscle tone, other than the drugs under

study. AlI subjects recruited had previously been inpatients in rehabilitation institutions

within Québec and were currently living in the community, independently or with family.

They ranged in age from 19 to 35 years old and were free of other medical problems

except as noted (see Table 1, parts A, B, & C). Ail had sustained a traumatic spinal cord

injury 1-6 years prior to entering the study. Ail subjects were men; none of the women

referred to the laboratory during the study recruitment period were eligible to participate.

Almost all subjects had sorne experience with drug for spasticity, and six were on current

oral drug for spasticity at entry to the study. A description of the subjeets can be found in

Table 1, parts A, B & C. The information in Table 1, except for the detennination of the

neurological Ievel of injury (NLI), was obtained from the referring physician as well as

from the initial meeting with each subjeet to determine eligibility and willingness to

participate. The NLI was obtained from a focussed clinical evaluation conducted by the

experimenters based on the reported level of injury.

AIl subjects confirmed in writing their informed consent ta participate to the protocol

which had been approved by the ethics committee of the School ofPhysical &
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TABLE 1: Subject characteristics
P A b- " h dart : Su tJects wit no overgroun reelProca oeomotlon

Aae Yean NIJZ Adivity PrimIry AbIcto AbJeto Ahleto Put Orupll
Il Jince wbco mode of risc maiDIain walkon expericnœ entry

CIIby injury injury loc:omoIion &am stlDding1 level wicb
Il ocx:umd atentry sitting? surfaces? antispastic

adry drup

H 32 1.2 cs diving lDIDIIa1 with witb forann- No badofc:u bKlofm
1 wbcddWr belp support

walbr

H 27 1.6 TIl aII.carain mauual wicb withwaJkcr Limitcd diazepam. none
2 vehicle wbedc:hair walkcr swing-W baclofen

riding witb walker

H 33 2.3 œ diving manual No No No dœidine, nooe
3 wbcddWr badofen.

diazepan

H 23 S.3 CS diving manua1 No No No clonidine, none
4 wbeelc:hair baclofcn,

di~

Ild"h r " dpart : u tJects wit Imite overgroun reclproca oeomotlon

w 29 3.5 C6 r.n manua1 with withwalker with W&Iker. ~ DDM'
1 wbeckhair walker supervision

W 3S 4.8 C6 falJ manual with with walker with walkcr baclofcn haclofenc

2 wbeelchair waJkcr

P 30 2.3 C4 diving manualor with with wi1h baclofen none
1 rnotorizcdS super· supervision supervision.

wbeelchair visÎOI1 ass~

C 19 1.1 C7 riding in manual with with forearm with baclofen bac:lofen
1 car wbeelchair forearm crutd1cs forcarm

crutchcs autehes

C 28 1.3 C6 diving manua1 with with forcarm with clonidinc clOllidiDc
2 wbcddWr forcann crutcbes forearm

crutches crutcbcs

C 22 2.2 TI2 motor manual wicb with foreann with baclofcn baclofen
3 cycle whcelchair foreann autchcs forcarm

riding crutches autches

..
•c
."
:.6.

Ild. h fC S b"art : U tJects wit unctlona overgroun reclproea ocomotlon

s 20 4.9 œ ridingin waJking witbout witbout hcJp withoutbdp badofcnc baclofen
1 car wi!h 1 CIDC hclpor oraid oraid

&id

S 19 2.8 C6 diving waIking. without without hclp with baclofcn none
2 1 foreann hclpor or &id forcann

crutch aid crutch

p
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FOOTNOTES FOR TABLE 1
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1.

2.

3.

4.

5.

6.

Within the Frankel classification (Frankel et ai 1969). a1l of the subjects in Part A would he
considered in category C: sparing ofboth sensory and motor fimction where the motor function is not
functional. They were not evaluated according ta the newer AS.I.A.JI.MS.O.P. protoeol. but would
a1most certainly all he in category C. AIl ofthe subjects in Part B would he considered in category D
on the Frankel classification: sparing ofboth sensory and motor function where the motor function is
functional.lfthey had been evaluated using the AS.I.AJI.MS.O.P. protocol. some would likely he in
category C and others in category D. The subjects in Part C would he considered in category D of the
Frankel classification. and almost certainIy in category D of the AS.I.AJI.MS.O.P. protocol.
N.L.!. =rreurologicallevel ofinjury (AS.I.AJI.MS.O.P. [1992] classification system; lowest spinal
level with nonnaI sensory and motor fimction).
WI had a lifelong history ofepilepsy and was taking anticonwlsant medication (divalproex sodiwn:
EpivaI®). He had aIso been taking an antidepressant (imipramine: Tofranil®) since bis injury. 80th
medications were held at stable dosage throughout bis participation in the study.
W2 had previously been prescribed an anxiolytic (bromazepam: Lectopam®) which he took
occasionally ta help him sleep. He reported that bis pattern ofusage ofthis Medication did Dot change
over the course ofhis participation in the study.
Pl generally used a motorized wheelchair when outdoors. and a manual wheelchair when indoors. He
propelled the latter with bis feet Due to bis bigh level ofinjury, he was unable to make use ofwalking
aids and required supervision or stanclby assistance for overground walking.
SI had received SW'gical treatments for spasticity in addition to the Medication. He had undergone
partial neurectomies for right gastroenemius spasticity and right adductor spasticity. The surgeries
took place 21 months and nine months. respectively. prior to entry to the study.

76



•
(..

Occupational Tberapy of McGill University as weil as by the ethics committees of the

rehabilitation institutions from which subjects were referred.

Four of the twelve subjects were incapable of walking at entry to the studyand required

the support ofthe harness system (Barbeau et al 1987b, Norman et al 1995) in arder to be

evaluated. They have been coded Hl, H2, H3 and H4. The other eight subjects were able

to walk at entry to the study, although six of those eight continued to use a wheelchair as

the primary mode oflocomotion. These six subjects have been coded according ta the aids

used for walking overground: W indicates that a four-point walker was used; P indicates

that another person was required for minimal assistance; and C indicates that two forearm

crutches were used. These six subjects were coded Wl, W2, Pl, Cl, C2, and C3. The

other two subjects had discontinued any use of a wheelchair and have been coded SI and

52 because both used a single aid (cane or crutch) for walking overground.

Drugs:

AIl drugs were preparations to be taken orally. A schematic version of the protocol can be

found in Figure 1. For each drug there was a stage of increasing dosage fol1owed by a

stage of stable dosage, then a stage of tapering dosage, and finally a stage of no drug

(washout). The stages of increasing dosage and stable dosage together took three weeks,

and the tapering stage and washout together took two weeks. The maximum total daily

doses were as fol1ows: baclofen 80 mg, clonidine 0.25 mg, and cyproheptadine 24 mg.

Table 2 shows the arder of drugs and sequence of evaluations conducted for each subject

in the study. Reasons for missing data sets are listed in the footnotes of Table 2. Since

clonidine can have a hypotensive effect, each subject was fol1owed by a nurse in bis home

community during the period of increasing dosage of clonidine for side effects that might

suggest hypotension. Measurement of blood pressure was performed where symptoms

indicated.

5înce this was intended as an exploratory study, decisions regarding drug dosage, order

and duration of drug period were taken with the intent of maximizing the subjects'

motivation to continue in the study and minimizing the time that it took for each subject to
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FIGUREl

The study protocol is illustrated. Evaluations were conducted at the beginning ofeach

drug period, at the end ofa period ofstable dosage, and at the end of each washout.

Additional evaluations before any drugs, and after all three drugs were condueted where

possible. The time from starting a drug to the evaluation for that drug was at least three

weeks, and the washout period was at least two weeks.
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TABLE 2: Drug order and locomotor evaluations conducted
Each evaluation represented by ~ .)

Pre-drugs First drug 1 Washout Second druS! 1 Washout Thirddrug 1 Other(s)

Hl baclofen 2 (SO) •• • cyproheptadine (16) • • clonidinc (0.2') •

H2 • cyproheptadine (18) • • baclofen (SO) • • clonidine (0.25) • .3.
H3 • clonidine (0.25) • •• eyproheptadine4

84 •••• clonidine (0.2'). • cyproheptadineS • baclofenS •
Wl • çyproheptadine (16) • • baclofen (80) • • clonidine (0.2') •

W2 baclofen2 (0.20) • •• clonidine (0.20) • • eyproheptadine (16) • •
PI ....'. clonidine (0.25) • • eyproheptadine (24) • • baclofenS •
Cl baclofen2 (40) • • clonidine (0.25) • • cyproheptadine (24) •

0 clonidine2 (0.30) •• • cyproheptadine (16) • • baclofen5 •
C3 baclofen2 ('0) ••• • eyproheptadine (16) • • clonidine (0.20) • •
SI baclofen2 (40) •• • eyproheptadine (16) • • clonidine (0.2') •

82 • c10nidine (0.2') • • cyproheptadineS .7

Footnotes
1. The dosage listed is the stable dosage achieved (in total mg daily) and maintained for at least eight days prior to evaluation.
2. The subject was taking this drug at the lime of rererral and entry to the study.
3. The final two evaluations for this subject were conducted while he was taking a combination ofcyproheptadine and clonidine.
4. The subject dropped out at this point for persona) reasons.
5. The subject could not continue this drug long enough for an evaluation, due ta adverse efTects.
6. The subject was taking a mixture ofmedications during the fourth evaluation.
7. The subject dropped out at this point, Wlwilling to risk further adverse etTects.



complete the study. Thus, subjects who were referred while taking one of the three study

drugs were evaluated tirst without any change in their drug [Hl, W2, Cl, C3, SI:

baclofen; C2: clonidine]. It was intended that there be an equal number of subjects

foUowing each of the possible drug orders. However, the arrangements for the community

nurse during the clonidine period sometimes altered the timing and thus the order of

drugs. Further, neither the subjects nor the experimenters were blind to the drug order. A

double-blind design would have necessitated an infrastructure that was not present in the

context of this exploratory study. In view of the fact that these drugs are visibly different

(produced by different pharmaceutical companies), and the faet that subjects resided as

much as 500 km from the laboratory, attempts to keep the subjects blind to drug identity

was deemed prohibitively diffieult. To minimize the effect of expeetation, the consent

fonn listed the possible effeets of the drugs together. Thus, the subjects were not Ied to

expect specifie effects from any one drug.

Evaluations:

Timing of evaluations

The initial protocol specified six evaluations: each subject was to be evaluated at entry,

after the period of stable dosage of each drug, and after each washout period (See Figure

1). After several subjects had eompleted the protocol, it was decided that multiple baseline

evaluations were more important than previously assumed. Whenever feasible, this was

implemented for subsequent subjeets.

Procedure for evaluations

At each visit to the laboratory, subjects were interviewed for their impressions of

beneficial effects and side effects associated with the current drug or washout. Although

they were not blind ta drug identity, it was felt that their impressions would be useful for

future clinical prescriptions of these drugs.

The instrumented gait evaluation yielded electromyography (EMG) and kinematic data.

One side of the subject was evaluated in greater detail. It was the side that seemed to be

more spastic during a c1inical evaluation on the first visit. If both sides were essentially
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equaI~ the choice was based on praetical considerations (e.g. the usual location of a urine

collection bag, ifpresent).

Surface eleetrodes were taped to the skin over selected lower limb muscles: ipsilateraI

tibialis anterior (TA); soleus (SO); media! belly of gastrocnemius (GA); vastus lateralis

(VL); and the mediaI hamstrings (MH). Each electrode set had a built-in differential

pre-amplifier with a gain of la. The signais were fed via a common cable to amplifiers in

which there was a bandpass tilter (10-1000 Hz) and a notch filter (60 Hz) and a further

gain. The signais were then recorded on FM tape (Ampex Precision Magnetic Tape) using

a Honeywell 101 tape recorder. The totaI gain of the EMG signais on tape was 1000 or

2000 X, depending on the amplitude of the signal.

Pressure-sensitive switches were taped to the soles of the subject's shoes: under the centre

ofthe heel~ under the head ofthe fifth metatarsal~ and under the great toe. The foot-switch

records were recorded on FM tape simultaneously with the EMG signais.

Kinematic data was obtained from digitization of video records. For visuaIization ofjoint

positions, reflective markers were attached to the subject over the following anatomical

landmarks: head of the fifth metatarsal, lateraI aspect of the caIcaneus, lateral malleolus~

lateraI joint line of the knee, greater trochanter of the femur~ and greater tubercle of the

humerus. Where markers were attached to a shoe or other c1othing, every effort was made

to reduce any movement of the article with respect ta the anatomical landmark. For aIl

markers, the background was made as dull and dark as possible to reduce error in

subsequent digitizing. Angular data are reported using standard biomechanicai convention:

hip at 0° represents neutral position (0° flexion, 0° extension)~ knee at 0° represents full

extension, ankIe at 0° represents neutral position (shank and foot segments at 90° to one

another).

Four of the twelve subjects (H1-4) required hamess support to be evaluated on the

treadmill. The hamess has been more fuIly described elsewhere (Norman et al 1995).

Essentially, it allows for the support ofbody weight via a pulley system over the treadmill.
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Although it bas been recognized that support levels above 50% of body weight are

associated with abnonnalities in walking patterns (Finch et al 1991), sorne subjects were

incapable of producing any reciprocal leg movements unless greater support was

provided. Support provided by the hamess varied from lOto 90% body weight support

(BWS) depending upon the subject's posture and the extent to which he gained support

from the parallel bars on the treadmill. Treadmill belt motion was started from a full stop,

and increased slowly until the subject reported that it was at a comfortable speed for bim

to continue stepping. Subjects were assisted, if appropriate, in the movement of their legs

by experimenters positioned adjacent to the treadmill. The assistance continued in the fust

evaluation for as long as the subject required it, and was repeated at any subsequent

evaluation in which the subjeet was unable to perfonn stepping independently. If the

subject was capable of taking steps independently, the treadmill belt movement was set at

the speed at which he could best sustain continuous stepping. If the subjeet required

assistance, the treadmill speed was generally 0.03 to O.05m/s, depending upon the

experimenters' difficulty in moving the subjects' legs. In such situations, however, a

subjeet's maximal treadmill speed was classified as O.Om/s, reflecting bis inability to follow

the treadmill unassisted. During each trial the treadmill belt movement continued at a

steady speed for as long as the subject could continue to follow it without needing a rest,

generally several minutes at a time. After severa! trials at the reported comfortable speed,

trials were attempted at higher speeds if the subject could tolerate them. Before each

successive trial, the hamess height and attachments were adjusted if necessary for optimal

performance of stepping.

For the other eight subjeets, treadmill walking was evaluated without harness support. AlI

subjects used the parallel bars on the treadmill as much as they wished. As with the

harness-using subjeets, the treadmill belt motion was started from a full stop, and

increased slowly. For the slower subjects, a comfortahle speed was reached quickly,

generally $O.10m/s. For the subjects whose walking capacity was less limited, a longer

habituation period of several minutes' duration was provided, so that subsequent decisions

regarding comfortable and maximal speeds could he more certain.
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For ail subjects at each of their evaluations~ trials were perfonned at the reported

comfortahle speed~ as well as at higher speeds. When the comfortable speed at a given

evaluation was higher than at previous evaluations~ trials were performed at previously

comfortable speeds to alIow better comparison across evaluations. The subject rested

between trials and the speed was re-increased slowly for re-starting the walking trials. For

the trials at speeds exceeding the comfortable speed~ the treadmill speed was increased by

intervals of O.OSmls (for slower subjects) or O.IOmls until the subject was unable to

complete a trial at a given speed, or he indicated that he did not wish to continue. A

subject's maximal treadmill speed was considered the highest speed at which he could

manage to continue waiking for at least 10 gait cycles or one minute, whichever was

shorter.

RESULTS

Completion of the protocol by subjects

The drug order and the timing of locomotion evaluations conducted for each subject are

shown schematically in Table 2. Seven of the twelve subjects were able to undergo

evaluations in association with all of the three drogs. For four of the other five subjects,

adverse effects prevented the completion of one or more of the evaluations for drug

effeets. The adverse etfects are summarized in Table 3, and will be discussed in a

subsequent section. One subjeet (H3) dropped out for personal reasons.

Subjects with no overground reciprocallocomotion

The most striking results were seen in the subjects who were incapable of overground

locomotion at entry to the study. For all four ofthe subjeets in this group, their changes in

maximal treadmill speed (MTS) are shown in Figure 2.

AlI four of the subjeets required manual assistance during every step cycle in their first

attempt at hamess-supported stepping on the treadmill. By the end ofbis initial evaluation,

Hl had performed a few unassisted step cycles but never two consecutive cycles. H2 and

H3 remained dependent for continuous manual assistance throughout their respective

initial evaluations. For Hl, H2 and ID, their initial MTS was therefore rated as O.Om/s. In
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flGURE2

Maximal treadmill speed (MTS) over successive evaluations of locomotion in Hl, H2, H3

and H4. In aIl cases, the MTS was evaluated at whatever harness support level was

optimal for highest speed. The initial zero values for Hl and H2 reflect the fact that

neither could sustain stepping without manual assistance for at least one minute. Zero

values for ail evaluations for ID reflect the fact that he was unable at any evaluation to

perform stepping without manual assistance. (See Resolts section text for further

explanation ofhow MTS was ascertained.) Drug status is reflected by the symbols as

indicated in the legend. Each subject's values are linked by a different type of line (see

legend).
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contrast to the other three subjects, H4 was able, after severa! sequences with assistance,

to perform stepping without manual assistance in bis tirst evaluation at a MTS ofO.OSmls.

The MfS for Hl and H2 were rated above zero when they were able to perform at least

one sequence with multiple consecutive step cycles without manual assistance, resulting in

at least one minute of unassisted stepping. H3 continued to require manual assistance for

every cycle throughout all ofbis evaluations.

Over successive evaluations, three subjects (Hl, H2 and H4) showed changes in MTS.

Cyproheptadine was associated with an increase in MTS from the immediately previous

evaluation in two subjects (Hl: O.06m/s to O.14m/s; H2: O.ODmls to O.OSm/s). Clonidine

was associated with an increase in two subjects (H2: O.05m/s to O.IOmls; H4: O.06m/s to

O.15m1s). Overall, two subjects in this group - Hl and H2 - entered the study with a MTS

of zero and were able to complete drug periods for ail three of the study drugs and their

results are described in detail. Although there were changes in MTS across evaluations for

these subjeets, the following comparisons of kinematic and electromyographic (EMG)

data are of sequences at similar speeds.

Hl was referred to the study while taking bac10fen and was evaluated twice with no

change in drug status. He was subsequently evaluated during a washout period, a

cyproheptadine period, another washout period and a cIonidine periode Figures 3 and 4

show kinematic data and Figure 5 shows temporal and EMG data from evaluations of Hl.

Sorne kinematic data have been illustrated in both of Figures 3 and 4 to enable inter-drug

comparisons and drug-washout comparisons. The stance-swing transition is indicated in

these illustrations and is later in the cycle than is usually reported for human gait but

represents an average value for Hl. It is important to note that there is a generally inverse

relationsbip between the gait speed and the proportion of the cycle taken up by stance

phase (pépin & Barbeau 1992).

During the first of Hl 's evaluations for baclofen, he required manual assistance from the

experimenters to move his legs on the treadmiIl, despite the high degree of support

provided by the harness (20-40% BWS) and his use of the parallei bars. A few times, he
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was able to perform a single cycle without manual assistance from the experimenters at

O.04m/s. The hip, knee and ankle excursions from a single unassisted cycle are ilIustrated

in solid lines in Figure 3~ B and C, and again in the bold lines of Figure 4~ B and C.

The data are also shown in Figure 3D, illustrating the flexed posture that results from the

flexion. Both the hip and the knee remain in flexion throughout the cycle, as is often seen

when the BWS level is in or above the range of 20-40%. In addition, his ankle remains in

dorsiflexion throughout most of stance, aIse reflecting the flexed posture (see Figure 3C),

until he attempts to bring his foot forward resulting in large oscillations of ankle

dorsiflexion and plantarflexion (see arrows in Figure 3C and 3D).

The changes seen in the kinematic records are paralleled by changes seen in the EMG

records seen in Figure SA These EMG signais were obtained in the second baclofen

evaluation (technical problems prevented the collection of valid EMG signais from the

first baclofen evaluation). Hl still required manual assistance for most stepping, the

longest interval of unassisted stepping being five cycles at O.04m/s. The temporal data

from these five cycles are shown in Figure SA immediately above the raw EMG signais

from three of these cycles. There was irregular activity of soleus throughout the cycle,

with clonus in the third cycle accompanied by coaetivation of tibialis anterior. The vastus

lateralis record shows little cyclical modulation in activity. The medial hamstrings record

shows sorne cyclical modulation with activity primarily during single limb support, in

contrast to the usual pattern of activity for the hamstrings in which it is active mostly in

double limb support prior to single limb support on the ipsilateral side (Winter 1983).

In the post-baclofen washout evaluation, Hl showed minor changes in kinematic patterns

(Figure 4A-C) although more striking changes in EMG patterns (Figure SB).

Furthermore, he had become capable ofnine consecutive unassisted cycles, up from five in

the previous evaIuation. The hip and ankle excursions show little change except for the

lesser degree of hip flexion (Figure 4A) and of ankle plantarflexion (Figure 4C) in the

latter part of the cycle. There is dorsiflexion in swing phase of the washout evaIuation that

was not present in the evaluation for baclofen. The knee excursions are aIso similar in

profile, although there was a substantial reduction in flexion in late stance and swing in the
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flGUREJ

Nonnalized angular excursions of the left hip (A), knee (B) and ankIe (C) ofHlduring

treadmill stepping with harness support for each ofbaclofen (solid line), cyproheptadine

(dotted line) and clonidine (dashed line) evaluations. In order to aIign the stance-swing

transition from aIl displayed cycles, a stance proportion of90% was chosen as being

representative ofaIl cycles. Arrows in the ankle excursion (C) in late stance phase indicate

oscillations occurring during efforts to initiate forward movement of the foot,

accomplished in the swing phase by dragging it along the treadmill belt.

Stick figure representations reconstrueted from kinematic data for cycles during treadmill

stepping in baclofen (0), cyproheptadine (E) and c10nidine (F) evaluations. For stance

phase, every tenth sample is illustrated such that between successive stick figures the time

lapse is O. 167 seconds; for swing phase, every fifth sample is illustrated such that between

successive stick figures the time lapse is 0.083 seconds. For the composite

representations, the horizontal distance between stick figures was increased by .002 m

over the distance actually moved (in direction ofhorizontai arrow) in order to improve the

visibility of posture and joint angle excursions. The false impression ofa long step length

and a large backward translation ofthe trunk during stance is an artifact and should be

disregarded. The diagonal arrows in D correspond to the ankIe oscillations indicated by

diagonal arrows in C.
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FIGURE 4

Nonnalized angular excursions of the left hip, knee and ankle ofRl during treadmill

stepping with harness support: comparison ofdrug (bold line) and washout (fine Hne)

evaluations. The stance-swing transition is normalized to 90% ofcycle duration,

representative ofaIl cycles.

Left column: hip (A), knee (B) and ankIe (C) angular excursions for baclofen (bold solid

line) and the subsequent washout (fine solid line) evaluation.

Right column: hip (D}, knee (E) and anIde (F) angular excursions for cyproheptadine

(bold dotted line) and the subsequent washout (fine dotted line) evaluation.
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FIGURES

Average temporal durations and raw EMG signais trom the left leg ofRI during treadmill

stepping with hamess support. Bars at top ofeach ofA, B, C & D indicate temporal data.

EMG records are shown below each set ofbars.

Upper unshaded bar indicates cycle duration, middle shaded bar indicates stance duration

and lower unshaded bar indicates swing duration. Error bars indicate standard deviation,

the number ofcycles averaged is in parentheses.

TA =tibialis anterior; sa =soleus; VL =vastus lateralis; MH = media! hamstrings.

Verticallines indicate cycle boundaries (begjnning of ipsilateral foot contact with the

treadmill belt). Upward arrows at baseline indicate stance-swing transition.

A. Second evaluation while taking baclofen.

B. Evaluation at the conclusion ofwashout period after bac1ofen.

c. Evaluation during cyproheptadine period.

D. Evaluation during clonidine period.
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washout evaluation as compared to the baclofen evaluation. In Figure SB, it can be seen

that the cycle durations remain long and the muscle activity is generally higher than in the

previous evaluation. In particular, there is greater evidence of ankIe clonus in the soleus,

visible in tate stance in the tirst cycle, and in early and mid-stance in the second cycle, with

a burst of tibalis anterior activity frequent1y in coactivation with soleus. There is also

prolonged, high-amplitude activity in the medial hamstrings.

During bis cyproheptadine evaluation, Hl was able to follow the treadmill for severa!

minutes without assistance and with 20-40% BWS at a speed ofO.06m/s, and for at least

a minute at O.14m/s with similar BWS. The kinematic records from one cycle at O.06m/s

are iIIustrated in the dotted lines in Figure 3A-C, in the stick figure representations in

Figure 3E, and in the bold dotted lines of Figure 4D-F. He acbieved a more upright

posture, as seen in the neac-Oo hip angle and in the reduced knee flexion in stance phase.

The knee and hip also show a more coordinated flexion pattern during swing phase: both

joints moved rapidJy into flexion in early swing, and the knee moved back toward

extension in late swing before the next foot contact. Hl also reduced the foot dragging

that had been present in the baclofen evaluation. Abnormalities persist, however, in that

the anlde remains dorsiflexed past neutral throughout stance phase, and he still required

hamess support for approximately the same BWS. Figure 5C shows temporal and EMG

data from this evaluation. In marked contrast to the evaluation for the previous

(post-baclofen) washout, Hl showed a regular pattern of muscle activity with

cyproheptadine (Figure 5C). The soleus and tibialis anterior show a much more reciprocal

pattern than previously seen. The soleus activity usually begins in early stance and

diminishes in Jate stance at which point the tibialis anterior activity begins for its sharpest

peak during the cycle. There is also sorne tibialis anterior activity seen in early stance, as is

normal for weight acceptance. In addition, there is both a disappearance of clonus in

soleus and a reduction in the prolonged high-amplitude EMG aetivity in the medial

hamstrings.

In the post-cyproheptadine washout evaluation, Hl showed a retention of many of the

kinematic patterns seen in the cyproheptadine evaluation with three notable differences, as

95



...
.;
'$...

seen in Figure 4D-F. First, there is less extension at the hip and knee in early stance orthe

washout evaluation, suggestive of a slightly more flexed posture at foot contact without

cyproheptadine. Second, there was a decrease in ankIe dorsiflexion in mid-stance. Third,

the coordinated flexion movement at the hip and knee in early swing in the cyproheptadine

evaluation is absent in the washout evaluation, replaced by an earlier, less coordinated

flexion of both joints that begins weil before swing phase. Although sorne of the

irnprovements seen in the cyproheptadine period disappeared in the washout period, it

must be emphasized that the pattern did not revert to that seen in the washout evaluation

that preceded cyproheptadine (i.e. the post-badofen washout). In particular, the hip and

knee remained less flexed in the post-cyproheptadine washout evaluation than in the

washout evaluation that preceded cyproheptadine (compare the fine solid lines in Figure

4A & B with the fine dotted lines ofFigure 4D and E). The EMG records (not illustrated)

reflected that HIIs walking pattern only partly reverted to its state before cyproheptadine.

The ahnonnal timing seen in the post-baclofen washout did not return, but clonus in

soleus did retum.

During the clonidine evaluation, Hl remained similarly capable of independent gait cycles

with 20-40% BWS, and the kinematic records from one cycle are ilIustrated in the dashed

lines in Figure 3A-C and the stick figure representations in Figure 3F. There is little

change in the hip angular excursion, in comparison with the cyproheptadine data, with a

neac-zero hip angle in stance refleeting an upright posture. The knee and ankle, however,

show more noticeable differences. With clonidine, the knee remains in greater extension

during stance phase and begins flexion earlier with respect to swing phase. The ankle

remained near 0° during stance, associated with his more upright posture in this

evaluation. A comparison of the kinematic data from the previous washout (Le.

post-cyproheptadine washout: Figure 4D-F, fine dotted lines) with those of the clonidine

evaluation (Figure 3A-C, dashed lines) shows that the hip extension, knee extension and

relative absence of ankle dorsiflexion are new changes with clonidine and had not been

seen previously. In the stick figure representations in Figure 3F, the relative extension of
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the hip and knee are reflected in the more vertical orientation of the thigh and lower leg

segments in the mid- ta late stance phase.

Temporal and EMG data from a sequence at O.06m1s during HI's clonidine evaluation are

shawn in Figure 5D. A1though there was a retum of evidence of ankIe clonus (most

evident in the third cycle), the soleus aIso showed relatively greater activity in mid- to late

stance in a reciprocaI pattern with the tibialis anterior, reflecting a more normal

recruitment pattern. The medial hamstrings record, however, showed a partial retum of

the prolonged, high-amplitude activation pattern that had been seen in washout

evaluations.

In summary, Hl showed changes in walking ability at each successive evaluation with

effects noted for aIl three drugs. From the baclofen evaluations to the subsequent washout

evaluation, he showed a large increase in EMG activity and minor changes in kinematic

pattern, including an increased dorsiflexion in swing phase. The greatest increase in

stepping control and capacity was seen in the evaluation for cyproheptadine. Specifically,

cyproheptadine was associated with a large increase in MTS, a more normal EMG

pattern, reduced ankIe donus, a less flexed posture, and no further need for manual

assistance with much longer sequences of stepping possible. Many of these improvements

were retained in the subsequent washout period, a1though a slight deterioration can be

seen in the kinematic pattern leading to a return to a more flexed posture. Clonidine was

associated with a further improvement over the cyproheptadine period in the reciprocal

activation of tibalis anterior and soleus, as weil as in the less flexed posture.

The results for H2 were similar to those for Hl in that both cyproheptadine and clonidine

were associated with marked changes in kinematic patterns and in MTS. During the

baclofen period, there was almost 00 change in comparison with the washout evaluations

preceding and following baclofeo. In arder to explain most clearly the changes in H2's

locomotion, the results will be described chronologjcaIly. Throughout the evaluations, the

support level recorded was approximately 20% BWS, surprising1y low for the kinematic
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patterns he exhibited. The discrepancy May be explained by bis heavy reliance on the

parallel bars observed during evaluations.

H2 was fust evaluated wbile taking no Medication. In this initial evaluation, H2 needed

manual assistance for every step due to the strong extension and adduction that rendered

bis lower limbs virtually immobile. Kinematie data could not be obtained from this

evaluation as a result of the assistance provided. Eaeh foot had ta be slid forward rather

than lifted beeause bis extensor tonus permitted little passive ankIe dorsiflexion, knee

flexion, or bip flexion. Ankle elonus was frequently visible. It is important to note that bis

passive range ofmotion had been much greater during the prior clinieal evaluation: the bip

could be moved to >900 flexion and into extension past neutraI; the knee could be moved

from full extension to full flexion; the ankle could moved from full plantarflexion to >10°

dorsiflexion.

A remarkable change was apparent in H2's cyproheptadine evaluation. He was able to

maintain a slightly tlexed position with harness support and move his legs reciprocally at a

treadmill speed of O.05m1s for ~ minutes at a time with intermittent assistance, and ~l

minute with no assistance. The kinematie records from one cycle from the cyproheptadine

evaluation are illustrated in the dashed lines in Figure 6A., B & C, showing approximately

30-400 tlexion throughout stance phase and additional bip flexion in swing phase (Figure

6A., dashed lines). The knee is aIso flexed, particularly in mid- to late stance phase with a

kicking motion in swing phase (Figure 6B, dashed lines). The ankle remains near neutral

except for plantarflexion in swing phase and early stance phase. Clonus is present in stance

phase although of too small amplitude to be visible in the kinematic graphs. The ankIe

plantarflexion at foot contact is related to the hamess support and the bip and knee

flexion, wherein the forefoot must make contact with the treadmill belt because the heel

cannet reach the treadmill belt until the foot is under the body. The stick figure

representation shown in Figure 6D illustrates the maintained flexion of the bip and knee

with near-neutral ankle position. The foot contact with the treadmill belt is made with the

forefoot and the heel does not make contact. The EMG records (not shown) revealed a

reduction in tonie activation from the previous evaluation.
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FIGURE 6

Nonnalized angular excursions of the right hip (A), knee (B) and ankle (C) ofH2 during

unassisted treadmill stepping with hamess support: comparison ofcyproheptadine (dashed

lines), washout post-baclofen (dotted lines) and c10nidine (solid lines) evaluations. In

order to align the stance-swing transition from all displayed cycles, a stance proportion of

92% was used as representative ofail cycles. For these sequences, H2 remained in a

flexed position using parallel bars and harness for partial support ofhis body weight.

Sinusoid-type oscillations in the ankle excursion in the early stance phase from the

washout and clonidine evaluations reflect ankle clonus. Low-amplitude oscillations in the

hip records from the same evaluations arise from whole limb oscillation created by the

ankIe donus. The donus is of the same frequency on each occasion. The false impression

ofdifferent frequencies ofclonus in the nonnalized records is because the cycle durations

are different in each evaluatioD.

Stick figure representations ofH2 reconstructed from kinematic data in cyproheptadine

(0), and post-baclofen washout (E) evaluations. For stance phase, every tenth sample is

illustrated such that between successive stick figures the time Iapse is 0.167 seconds; for

swing phase, every fifth sample is iIlustrated such that between successive stick figures the

time lapse is 0.083 seconds. For the composite representations, the horizontal distance

between stick figures was increased by .002 m over the distance actually moved (in

direction ofarrow) in order to improve the visibility ofposture and joint angle excursions.

The false impression of a long step length and a large backward translation of the trunk

during stance is an artifact and should be disregarded.

99



."'. .~". "......

Figure 6

SWING

washout

cyproheptadine

STANCE

E

o

~
Q)

c
o
X
Q)

-.=

x
Q)

"T
0..

c
o
.~

-.=

SWING

---"-"""-"",,-~--~

.-.-

STANCE

,/-,-~­

",
/',.,.

~-

o

-50

~
~

o

o

ww
2

a.
:L

A 60

-30

B 100

C 20

-oo

- - - - - cyproheptadine
washout (post·baclofen)

clonidine



,'"
~,'.

op

1-',

The kinematic and EMG records for the next three evaluations were very similar: washout

post-cyproheptadine, baclofe~ and washout post-baclofen. In these evaluations, H2

displayed a Iimited ability to perfonn independent stepping while supported by the hamess

in a flexed position. He could sustain this movement pattern for S2 minutes with

intermittent assistance before bis legs assumed a position of extension and adduction

simiIar ta the posture in the tirst evaluation previously described. Unassisted stepping was

then 00 longer possible. The dotted lines in Figure 6A-C and the stick figure

representations in 6E show kinematic data from the third of these three evaluations. The

hip is more flexed in early to mid-stance phase. The knee excursion in Figure 6B shows a

simiIar profile to the profile in the cyproheptadine evaluatio~ but at an angle of 20-30°

additionai flexion. The ankle excursion in Figure 6C shows a similar angle at foot contact

to that seen in the cyproheptadine evaluation followed by a striking difference in profile

throughout the cycle. Instead of moving toward dorsiflexion, the ankle immediately begins

an oscillating pattern reflective ofclonus. The c10nus is ofhigh enough amplitude to move

the whole leg up and down, causing oscillations in the early stance portion of the hip

excursion (Figure 6A). The greater flexion of the hip and knee in this evaluation is related

to the appearance of movement toward dorsiflexion where it had not previously been

seen. That is, a reduced degree of plantarflexion is required to achieve toe clearance

during swing, whereas previously toe clearance was fully accomplished by flexion of the

hip when the subject was in a less flexed posture (see Figure 6E). The more flexed posture

of the hip and knee resulted in the foot travelling farther behind him and led ta a reduction

in anlde plantarflexion ta achieve forward movement of the foot.

H21s stepping pattern in the flexed posture remained similar with c1onidine. Angular

excursions from a cycle in the clonidine evaluation are shown in solid lines in Figure

6A-C. The hip and knee show littie change in overall profile, although sorne change in the

amouot of flexion (see Figure 6A,B). The ankle excursion is similar to the previous

washout evaluation, with cloDus throughout the stance phase, oscillating enough to cause

fluctuations in the hip excursion. However, H2 was able to maintain this pattern at a
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treadmilI speed that was twice as high with a more rapid cadence (see Figure 2, bold salid

line).

In addition, clonidine was associated with an improvement in H2's ability to sustain

reciprocal stepping with bis legs nearly straight. He performed this stepping at a treadmill

speed of O.03m1s with the hamess system registering low amounts of support « 10%

BWS). His legs continued to display a tendency for involuntary adduction, and he

required intennittent assistance to prevent both lower limbs from advancing while trying

to advance ooly one. For a brief perlod of two cycles, he was able to advance bis legs

without anY manual assistance.

At the conclusion of the clonidine perlod, H2 elected to try a combination of clonidine and

cyproheptadine to find out if he couId experience further improvement from a

combination. Although this period of combined cyproheptadine and clonidine did not fonn

part of the experimental protocol, the results are reported here because of the changes that

were seen. H2 continued to be capable of stepping in a flexed, harness-supported position

at a MTS of a.10m/s. More importantly, he aIso became capable of independent stepping

in an upright position with the harness system registering little support «10% BWS)

whereas previously he had always required assistance for more than two cycles when bis

legs were in this extended, addueted posture. He maintained this pattern at a treadmill

speed of O.05m/s without assistance for sequences of at least a minute at a time. In a

subsequent evaIuation while still taking a combination of clonidine and cyproheptadine, he

continued to increase bis MTS at stepping in a flexed position to O.15m/s (see Figure 2).

His maximal speed for unassisted upright stepping rose to O.07m/s. The improvement

permitted him later to attempt reciprocal stepping overground with a walker and thus to

participate in a subsequent study ofoverground walking training.

In summary, H2 showed changes in his walking ability over the course of successive

evaluations, with the greatest changes taking place during bis cyproheptadine and his

clonidine periods. Cyproheptadine was associated with a transformation from a posture

with rigidly extended lower limbs requiring extensive manuaI assistance for even a few
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small steps to a state of independent stepping with only mechanical BWS for several

minutes at a time. Following washout of cyproheptadine, he remained able to perform

independent stepping, but with an altered kinematic pattern with more cIonus and for

more Iimited periods. The sequences of independent stepping in these evaluations were

tenninated when bis posture reverted involuntarily to that ofrigid extension and adduction

of the lower limbs, an eifect that had not been seen in the evaluation for cyproheptadine.

This profile continued across three evaluations, baclofen appearing to have no effect on

bis abilities. He showed minor increases in MTS across these evaJuations. Clonidine was

also associated with more important changes in bis abilities. H2 doubled bis MTS in the

stepping sequences with bis bips and knees flexed, similar to the posture of bis previous

independent sequences. He also began to show signs of becoming independent at a

stepping pattern with the hip and knee near extension in stance phase, performing ooly

two cycles independently. He achieved independence at this stepping pattern in

subsequent evaluations while he was taking a combination of cyproheptadine and

clonidine.

ID did not show changes as striking as those seen in Hl and H2. He did not become

capable of taking independent steps during any of bis evaluations. His participation in the

study was tenninated early, at bis request. In contrast, H4 showed considerable change in

bis stepping ability over the course of the study, as seen in bis changes in MTS (see Figure

2). He showed a sharp improvement in MTS in the c10nidine evaluatio~ but changes in

stepping pattern for same-speed comparisons were minimal and he remained bighly

dependent on the harness for support. His inability to tolerate sufficiently long periods of

cyproheptadine or baclofen meant that he could not be evaluated during these drug

periods and therefore inter-drug comparisons ofdrug effect on stepping pattern cannat be

made for H4.

Subjects with limited overground reciprocallocomotion

Results in this group of subjeets were generally less striking than those seen in the group

described above. Ali six of them were able to walk on the treadrnill for several minutes at

a time with no harness support or manual assistance throughout the study. AlI of them
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increased their MTS over the course of their participation in the study, iIlustrated in

Figure 7. Four subjects in this group were able to undergo evaluations for aIl three drugs

and one of these four subjects experienced sharp increases in MTS in association with two

ofthe three drugs. The results for this subject, C3, are described in detail.

C3 was referred to the study while taking baclofen and was evaluated three times with no

change in bis drug status. He showed an increase in MTS from bis tirst evaluation

(O.22m/s) to bis second evaluation (O.30m/s) as seen in the symbols connected by a solid

bold line in Figure 7. His MTS remained stable from the second to the tbird evaluation and

then increased following washout ofbaclofen to O.34m/s, and increased again to O.44m/s

during the evaluation for cyproheptadine. His MTS decreased ta 0.30m/s following

washout of cyproheptadine, but increased again to O.45m1s during the evaluation for

clonidine. Unlike the post-cyproheptadine washout, bis post-clonidine washout evaluation

showed no change in MTS from the previous evaluation.

Figure 8 shows EMG data from six evaluations of C3 and Figure 9 shows averaged

kinematic data from sequences at O.20m/s from the same six evaluations. The principal

differences noted were in the the EMG amplitude of TA, the ankle excursion in swing

phase, and the clonus visible in the soIeus record in stance phase.

The EMG records for TA are illustrated in the top traces of Figures 8A-F, inclusive. In

the evaluation for baclofen (Figure 8A), the TA amplitude in swing is comparable to its

amplitude in stance phase, with no burst of activity. In contrast, in the post-baclofen

washout evaJuation (Figure SB) there is a burst of activity in the swing phase in TA. This

swing phase EMG burst in TA remains evident in subsequent evaluations (Figures 8C-F).

The duration of this TA burst is reduced during the evaluation for clonidine (Figure SE).

The significance of these changes in TA activity for the ankle excursion cao be seen in the

averaged ankle excursion records for swing in Figure 9F. During the evaluation for

baclofen the swing phase ankIe excursion is much more plantarflexed than in any other

evaluation, >200 more plantarflexed than in any of the washout evaluations. In the
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FIGURE 7

MTS over successive evaluations of locomotion in WI, W2, Pl, Cl, C2 and C3. Drug

status is reflected by the symbols as indicated in the legend. Each subject's values are

linked by a different type ofline (see legend). Note that the seale is different fram that

used in figure 2.
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FIGURE 8

A-F: Rectified, averaged EMG signal trom muscles of the right leg ofC3 during 10 cycles

oftreadmill walking. TA =tibialis anterior; sa = soleus; VI.. =vastus lateralis; MH =

medial hamstrings. Verticallines indicate stance-swing transition. Averaging was

performed separately across stance and swing phases trom EMG records from 10

consecutive cycles which had been digitized, full-wave rectified and smoothed. The two

averages were placed side by side, and their lengths adjusted to reflect the average length

ofthe 10 stance and swing phases. The average absolute cycle duration is noted in the

figure for each evaluation. AlI data displayed were gathered during sequences at a

treadmill speed of0.20 rn/s.

G-L: Rectified, smoothed EMG signais from the right soleus muscle in C3 during stance

period of5 of the ten cycles ilIustrated in A-F, respectively.

A,G. Third evaluation while taking baclofen.

B,H. Evaluation at the conclusion ofwashout period after baclofen.

C,I. Evaluation during cyproheptadine period.

D,J.Evaluation at the conclusion ofwashout period after cyproheptadine.

E,K. Evaluation during clonidine period.

F,L. Evaluation at the conclusion ofwashout period after c1onidine.
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FIGURE 9

Averaged angular excursions of the right hip (A,D), knee (B,E) and ankle (C,F) ofC3 for

stance (A,B,C) and swing (D,E,F) phases during treadmill walking. Averaging was

performed across separately across 6 stance periods and 6 swing periods (except for

cyproheptadine evaluation and subsequent washout evaluation, 10 stance and swing

periods used). The widths ofthe graphs are proportional to the average stance and swing

proportions across aIl cycles analysed. Solid [ines indicate averaged traces for washout

evaluations. Broken lines indicated averaged traces for evaluations during drug periods

(baclofen: dotted line; cyproheptadine: dashed line; c1onidine: dashed-dotted line).
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evaluation for clonidine, the anlde excursion reverts part way to a more plantartlexed

pattern, related to the shorter burst ofTA activity in this evaluation.

The other important difference across evaluations for C3 was in the EMG activity related

to ankIe clonus. In order to obtain better visualization of EMG aetivity related to clonus,

unaveraged soleus records were used. Figures 8G-L shows soleus records from five

consecutive cycles of the ten that were used to fonn the averages shown in Figures 8A-F.

The individual soleus EMG records for the evaluation for cyproheptadine displayed in

Figure 81 show that activity related to ankle clonus was diminished in comparison with the

soleus EMG from alI other evaluations (Figures 8G,H,J-L) but not entirely eliminated.

In summary, C3 showed changes associated with aIl three drugs. From the evaluations for

baclofen to the subsequent washout evaluatio~ he showed an improved pattern of ankle

excursion and tibialis anterior EMG activation. There was, however, no change in MTS

apart from his previously established trend of modest increase. Cyproheptadine was

associated with a sharp increase in MTS as weil as a reduction in ankle clonus; neither

effect was maintained in the subsequent washout period. Clonidine was aIso associated

with a sharp increase in MTS that was maintained in the subsequent washout, and with a

change in ankIe excursion and tibialis anterior EMG activation that was not maintained.

Three other subjeets in this group aIso experienced a reduetion in ankle clonus associated

with cyproheptadine. Wl had a reduction in clonus aetivity in soleus with cyproheptadine.

Similar to the effect seen in C3, the reduction in c10nus was not seen in evaluations for

either ofthe other drugs or in washout evaluations. W2 and Cl reported a similar effeet of

reduced ankIe clonus in other activities, such as performing transfers and descending

stairs.

For the other five subjeets in this group, changes in MTS were less clearly suggestive of

beneficial effects associated with any of the drugs. Two subjects, WI and W2, the

slowest-walking subjeets of the group, increased their MTS in an aImost linear manner

across consecutive evaIuations, as seen in the fine solid line and the fine dashed line,
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respectively, in Figure 7. In two other subjects, CI and C2, the greatest change in MTS

occurred following washout of one of the drogs. The two increases in MTS for Cl

occurred during washout periods, with a decline in MTS during the clonidine period, and

no change in MTS during the cyproheptadine period, seen in the bold dotted line in Figure

7. Nonetheless, Cl reported subjective benefit during the cyproheptadine periode The

greatest increase in MTS for C2 occurred following washout of clonidine, with a smaller

increase seen during the evaluation for cyproheptadine, seen in the symboIs linked by the

fine dotted line in Figure 7. The other subject in tbis group, Pl, showed increases in MTS,

both at sorne drug evaluations and at sorne washout evaIuations (bold dashed line in

Figure 7).

Subjects with functional overground reciprocallocomotion

In subjects who entered the study with funetional overground reciprocal locomotion, 51

and 52, there were no consistent differences in EMG patterns, kinematic patterns or gait

speed in association with changes in drug status. The data for MTS for these subjects is

illustrated in Figure 10. It can be seen that SI 's MTS was greater at bis second baclofen

evaIuation than at bis tirst baclofen evaluation, and that there were no other changes. It

can aIso be seen that both of these subjects were capable of treadmill speeds that were

substantially higher than the other subjeets in the study.

Summary of speed changes and secondary drug etTects

Speed changes

In Figure Il, the change in MTS has been plotted as a function of the subject's initial MT5

for HI, ID, H4 and aU six of the subjects in the second group. Cyproheptadine (Figure

lIA) was associated with an increase (Hl, ID, W2, C2, C3, Pl) or no change (WI, CI)

in MTS. SeveraI of the increases with cyproheptadine represented a large change as a

proportion oftheir initial MTS (Hl, H2, C3). Clonidine (Figure 11C) was aIso associated

with increases in MTS (H2, H4, WI, C3, Pl) sorne of which were large proportionaI

increases (H2, H4, C3). However, clonidine was associated in other subjects with no
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FIGURE 10

MTS over successive evaJuations oflocomotion in 51 and 52. Drug status is reflected by

the symboIs as indicated in the legend. Each subjeet's values are Iinked by a different type

ofline (see legend). Note that the scaJe is different from those used in figures 2 and 7.
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FIGURE Il

The change in absolute value ofMTS is plotted as a function of the subjeet's initial MTS.

In each grap~ each vertical dotted line represents a single subject except for the left·most

dotted line wbich represents Hl and H2 who both had an initial (unassisted) MTS ofzero.

See legend for different drug symbols. Data from H4, SI and S2 have been omitted

because they showed no MTS changes in association with change in drug status.

A, B: cyproheptadinelwashout

C, D: clonidinelwashout

E, F: baclofenlwashout

A, C, E: The change value for each drug has been calculated as the subject's MTS during

a drug period minus bis MTS during the immediately previous period of no medication.

Missing values are due to subjects' being unable ta complete a drug evaluation

(cyproheptadine: ID, H4; baclofen: H3, H4, Pl, C2) or to subjects' entering the study

while taking a drug (baclofen: Hl, W2, Cl, and C3; cIonidine: C2).

B, D, F: The change value for each drug has been calculated as the subject's MTS during a

drug period minus bis MTS during the immediately subsequent period of no Medication.

Missing values are due ta subjects' being unable ta complete a drug evaluation

(cyproheptadine: ID, H4; baclofen: H3, H4, Pl, C2) or to subjects' discontinuing the

study without completing a final washout evaluation (cyproheptadine: Cl; cIonidine: Hl,

H2, Wl).
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change (W2) or a decrease (Hl, Cl) in MTS. Baclofen (Figure lIE) was associated with

a small increase (WI) or no change (H2) in MTS.

The data regarding change in MTS following washout of each drug are equally

interesting. Cessation of cyproheptadine was never associated with an increase in MTS,

but rather with no change (Hl, W1) or a decrease (H2, W2, C2, C3, Pl) in MTS (see

Figure lIB). In contrast, cessation of clonidine (Figure I1D) or baclofen (Figure lIF)

were often associated with an increase in MTS (clonidine: H4, W2, Cl, C2; baclofen: Hl,

H2, Cl, C3) and other times with no change (clonidine: C3, Pl) or a minimal decrease

(baclofen: W2) in MTS.

Secondary etfects

The side effeets reported by the subjeets are summarized in Table 3. The list ofeffeets was

compiled from etfects attributed to the drugs by the subjects, reported either during a drug

period or after the subsequent washout.

Clonidine was associated with side effeets more often than the other two drugs, in

particular the effect of dry mouth which was reported by over half the subjeets.

Cyproheptadine was commonly associated with an increase in appetite, unsurprisingly

because it has been prescribed in other populations as an appetite stimulant (Kardinal et al

1990, Saleh et al 1979). The most commonly reported side effect during the baclofen

period, among those who completed tbis drug period, was a feeling of drowsiness or

somnolence, consistent with other reports in the literature (reviewed in Whyte &

Robinson 1990, Young & Delwaide 1981) The side effects of drowsiness and fatiguability

with any of the drugs were not visible to the experimenters, nor did they interfere with

completion of evaluations, except where noted below (also see Table 3).

The side effects associated with clonidine were not deleterious enough in any subjeet to

result in drop-out or missing an evaluation. In contrast, cyproheptadine and baclofen were

bath intolerable to one or more subjects: cyproheptadine principally because of the side

effeet ofheadache and nausea, baclofen principally because of a feeling of fatiguability and
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y TABLE 3: Side effects
~

clonidine Subjects reportioe

drymouth H1 7 H2, W2., P1 7 C37 51 7 52

+urinary frequency W1 7 C27 51 7 52

fatiguability1. energy C1 7 W27 P1 7 52

constipation C27 S1 7 S2

light-headedness 1dizziness W27 C1 7 C3 7 52

• urinary urgencyJ H3 7 Pl

+ appetite C1 7 S2

numbness Pl

aItered sexuaI function2 C2

nausea C3

cyproheptadine

+ appetite

+urinary frequency

fatiguability1. energy

subjective. in strength

headache 1nausea3

skin rash3

hac:lofen

fatiguability 1• energy 1-If concentration3

subjective -If in strength

drowsiness 1somnolence

subjective -If in sensation

Subjects reportine

H27 Wl, Cl 7 C3, 51

C2

C3, SI

WI

H4,52

H4

Subjects reporting

H4, P1 7 C2

Hl, C3

WI, Pl, C3

C3

H4,Pl

1 regarded as a benefit by subjects
2 rea1 incidence may he higher because subjects may he reluctant to discuss
3 cited as (one of) reason(s) for discontinuing drug carly and/or dropping out of the study
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inability to concentrate. In two subjects, baclofen was associated with a increased

occurrence and/or severity of spasms. Both had had experience with baclofen prior ta

entering the study: H4 had experienced the same effect at that tirne, although it had not

been as severe; Pl had not experienced this effect in bis prior therapy with baclofen.

Many subjects elected ta continue one or more of the drugs following their participation

in the study, despite the occurrence of side effects in sorne cases. Both Hl and H2 chose

to continue a combination of cyproheptadine and clonidine at the conclusion of the study.

In particular, they were pleased with cyproheptadine: Hl because he was able ta walk

overground for short distances using a rolling walker with foreann supports; and H2

because he had a marked reduction in night spasms that had been interrupting bis sleep.

WI reinstated a low dose of cyproheptadine in arder to control ankle clonus. W2 started a

combination of cyproheptadine and baclofen ta reduce stiffitess and spasms. Cl continued

cyproheptadine because of the benefit of reduced stifthess and spasms. C3 chose to try a

combination of cyproheptadine and cIonidine because he had experienced benefit during

both of those periods. SI reported that during the clonidine period he was able ta attempt

jogging and jumping. He chose to continue clonidine at the conclusion of bis participation

in the study.

In summary, ooly one subject (W2) elected ta continue baclofen after participating in the

study, in combination with cyproheptadine. Six subjects elected to continue

cyproheptadine, alone or in combination with another drug, and four subjects elected ta

continue clonidine, a10ne or in combination with another drug. In all cases of continuing

drug therapy, the subjects continued them for at least severa! months and in sorne cases

for over a year. Three subjects (H2, WI & W2) subsequently entered a study of the

effects of functional electrical stimulation (FES) and training on walking, and they

continued a stable dose ofdrug(s) from the present study into the FES study. It is believed

that H2 would not have been able to participate in the FES study, and that the other two

would have had more difficulty participating, without the continuing drug therapy.
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DISCUSSION

This study is the ficst comparison of cyproheptadine, clonidine and baclofen on walking

pattern in human subjects, specifically SCI subjects with partial loss of motor funetion.

The results show that cyproheptadine and clonidine have different and sometimes

powerful etfects on the walking pattern of such subjects whereas baclofen has less evident

effects. The changes in walking pattern were most noticeable in subjects who were among

the most disabled. The finding that severely disabled subjects benefit most from

cyproheptadine and clonidine is consistent with previous studies (Fung et al 1990, Stewart

et al 1991, Wainberg et al 1990) and important for rehabilitation because tbis is a large

and growing subset of the sel population (see Introduction). In addition, the findings

from repeated evaluations of chronic incomplete SCI subjects provide increased

understanding of the potential for recovery of walking more than a year post-spinal cord

injury and suggest directions for further research.

The two largest transformations in walking pattern in the study oecurred in two of the

most disabled subjects when each was taking eyproheptadine following a period without

drugs (i.e. entry to study or washout). The changes in each of HI and H2 in the

cyproheptadine evaluation as compared to the previous evaluation resemble observations

in chronie spinal cats in sorne respects. In such animais, a coordinated hindlimb stepping

pattern on a treadmill can be achieved with regular training (Barbeau & Rossignol 1987,

Belanger et al 1988, Lovely et al 1986, reviewed in Edgerton et al 1992, Hodgson et al

1994, Rossignol & Barbeau 1993). Administration of a serotonergic precursor or agonist

resulted in a marked increase in EMG amplitude, including sorne flexor-extensor

coactivation as well as sorne patterns resembling donus and spasms. The subsequent

administration of cyproheptadine blocked these effects (Barbeau & Rossignol 1990). The

reduction in clonus and coactivation in Hl and the reduction in strong extension in H2

with cyproheptadine bear sorne similarity to the latter findings in animais. In addition, in

both Hl and ID, cyproheptadine was associated with an emergence of sustained

reciproca1 stepping previously unseen, a finding that is not directly comparable to the

findings in chronic spinal cats.
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Cyproheptadine was associated with other, more modest effects in sorne subjects. As

noted for C3, cyproheptadine was associated with an increase in MTS that was not

retained in a subsequent washout period. The reduetion in MTS may have been partially

due to the re-appearance of frequent episodes of ankle donus which had been greatly

diminished during the cyproheptadine period. Overall, cyproheptadine was frequently

associated with a reduced incidence of ankle clonus, similar to findings in other studies in

humans of these drugs (Barbeau H et al 1982, Wainberg et al 1990). Clonus is a

self-sustaining oscillation that depends principally upon the monosynaptic reflex loop.

High reflex gain is thought to be responsible for clonus being more commonly visible in

patients with neurologicaJ disease than in normal subjects (Rack et al 1984, Rossi et al

1990). The role of cyproheptadine in reducing donus MaY be hypothesized from findings

regarding the role of serotonin in motor output. It has been proposed elsewhere that the

serotonergic system plays a role in modulating the gain of motor output across many

species and many behaviours (for review, see Jacobs & Fornal 1993). The findings that

cyproheptadine was associated with an emergence of unassisted stepping and that it was

the most effective among the three drugs at reducing clonus irnplies altered functioning of

the serotonergic pathways and/or receptors in incomplete SCI subjeets.

Like cyproheptadine, clonidine was also associated with changes particularly in

harness-using subjects. It is important to note that, among the literature for the three

drugs compared in the present study, the evidence for clonidine is especially compeUing as

an agent to improve the recovery of walking fol1owing a lesion of the spinal cord. In

chronic spinal cats who have been trained to walk on a treadmiIl, an injection of clonidine

leads to a stepping pattern with longer cycle durations in conjunction with longer bursts of

flexor muscles (Barbeau et al 1987a). Among such cats that had developed a poor

locomotor pattern, clonidine injection led to an improvement (Rossignol et al 1996).

The changes in the cats are similar to sorne of the findings in the subjects in the present

study, specifically the longer cycles and improved reciprocal activation ofankIe muscles of

Hl, the increased MTS ofH2, H4, C3, and the more upright posture ofH2. H2 showed a

shorter cycle duration, in contrast to the findings in cats, but this may be related to the use

121



...
.(..
:..

of the hamess for BWS. BWS bas been associated with lowered values of hip flexion

compared with sequences at sirnilar speeds without the use of the harness (Finch et al

1991). In addition. the finding in the present study of retained gain in MTS or further

increase in MTS foUowing washout of clonidine has interesting implications for the

mechanism of clonidine's effeets on walking. It May act to create a permissive situation:

that is, a condition in which improvement is more easily permitted that is then retained

after clonidine is no longer present.

The finding that cIonidine's effect on walking ability is greater in subjects with greater

disability is consistent with a previous comparison of clonidine to placebo in spastic

paretic subjects (Stewart et al 1991). In the latter study there was one subject comparable

to the four harness-using subjeets in the present study, and he showed a large

improvement in stepping pattern following four weeks of c1onidine. The two subjects in

that study who had already regained functional overground walking showed tittle effect of

c1onidine. The six other Sel subjects in the study had clinically complete injuries, and they

required continuous assistance for harness-supported stepping during the evaluatioos.

Dietz and colleagues (1995) reported similar findings to the latter with intrathecal

clonidine in two Sel subjeets with clinically complete injuries: that is, reduced EMG

activity consistent with clonidine's role as an antispastic drug but no initiation of

independent stepping. Thus, the clonidine-induced initiation of walking in spinal cats bas

yet to be replicated in human sel subjects. These findings regarding subjects with

clinically complete injuries imply that the beneficial effects of clonidine on walking in

incomplete sel subjects are unlikely to be entirely due to its action on postsynaptic

receptors, as has been demonstrated for spinal cats (Barbeau et al 1987). Further research

will be required ta explore the relative contribution ofpresynaptic and postsynaptic effects

in the changes associated with clonidine in subjects with incomplete spinal cord injury.

There are few other reports of clonidine's etfeets on sel subjects in the literature - sorne

case reports (Nance et al 1985, Rosenblum 1993, Tuckman et al 1982, Yablon & Sipski

1993) and a few studies (Donovan et al 1988, Maynard 1986, Weingarden & Belen 1992).
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AIl used oral or transdermal clonidine to reduce spasticity and none of these studies

reported measuring or observing changes in walking or pre-gait aetivities.

Recently, a preliminary report was published regarding the effects of intrathecal clonidine

injections in incomplete Sel subjects (Rémy-Neris et al 1996). Intrathecal injections of

clonidine were associated with rapid improvement in maximal overground walking speed

between parallel bars. Subjects continued to show improvements in maximal overground

walking speed for up to six hours following intrathecal injection of clonidine. The

increases in maximal speed were associated with increased step length and the walking

changes coincidOO with reduced reflex responses to cutaneous stimulation and reduced

resistance to passive movement in clinical examination (i.e. Ashworth scaIe). The changes

in walking and in spasticity were generally reproducible across days ofintrathecal injection

of clonidine, and were significantly different from outcomes on the same measures on the

days when placebo injections were given (Rémy-Neris et al 1996). Taleen together, the

findings for clonidine in SCI subjects suggest that it is particularly important to pursue the

study of this drug to assist in the recovery of walking in sel subjects with severe but not

complete loss ofmotor function.

The study of pharmacological control of locomotion has largely focussed on the role of

excitatory amino acid systems and monoaminergic systems (for reviews, see Grillner 1986,

Grillner & Dubuc 1988, Rossignol & Dubuc 1994). The raIe of spinal GABAergic

neurons in locomotion was not well-studied untiJ comparatively recently and the findings

suggest that they function primarily to modulate or reduce locomotion. Cazalets and

colleagues (1994) induced fictive locomotor activity through phannacological activation

of NMDA receptors in an in vitro preparation of isolated newborn rat brainstem-spinal

cord. Addition of GABA or GABAergic agonists to the preparation 100 to a lengthening

of the period of the locomotor pattern or a complete cessation of the activity. In other

experiments, GABAergic antagonists were able to induce a stable rhythmic activity in a

preparation in which the prior stimulation was sub-threshold for a locomotor pattern. The

authors proposed that GABAergic neurons funetion as an "inactivatory" pathway that

controls locomotion, either by modifying it or by stopping it altogether. Tegner and
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colleagues (1993) concluded that GABAergic systems normally function to modulate

fictive locomotor output in the lamprey spinal cord, with greater GABAergic activity

leading to reduced output. They notOO that baclofen was associated with both a decrease

in locomotor related synaptic drive as weil as ta a depression of the ARP, suggesting that

it acts both presynaptically and postsynaptically, respectively. The findings in fictive

locomotion have been supported by findings in treadmill locomotion in chronic

spinal-transected cats. Chau and colleagues round that the injection of baclofen disrupted

a well-established locomotor pattern particularly by inducing paw drag, reduced weight

support and other deficits. With higher doses of baclofe~ the locomotor pattern could be

arrested a1together (Chau et al 1995).

The c1inical use of baclofen as an antispastic agent arose from research that pre-dates the

study of GABA's role in locomotion. Baclofen came to be considered the drug of choice

for spasticity of spinal origin (for review, see Burke 1975, Young & Delwaide 1981). The

rationale was based on findings that baclofen was able to depress polysynaptic and

monosynaptic excitatory post-synaptic potentials (pierau & Zimmennann 1973), with no

change found in motoneuronal excitability (Davidoff & Sears 1974), thus affirming that

baclofen's primary role is to enhance presynaptic inhibition, in doses comparable to those

given ta humans for spasticity. Subsequent work by Wang & Dun (1990) confirmed these

findings, but also found that in higher doses baclofen was also able to produce a

hyperpolarization of the motoneuronal membrane, suggesting dual sites of action with

greater doses, corresponding to the reports of baclofen's effect on fictive locomotion in

the lamprey (Tegner et al 1993).

Although oral baclofen was and remains commonly used ta treat spasticity due to spinal

lesion, most recently published reports of bacIofen's effects on spasticity are in regards to

intrathecal baclofen. In measuring the effects of intrathecal baclofe~ as in measuring the

effects of oral baclofen, outcomes related ta walking have generally not been evaluated,

presumably because the treatment approach of intrathecal baclofen was initially applied to

patients whose disability is severe and whose residual motor function is poor. In most

studies of intrathecal baclofen's effects that report changes in locomotion, the changes
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were reported as comments and not systematically quantified. There are reports of

subjects' experiencing deterioration in walking as weil as reports of subjeets' experiencing

improvement in association with intrathecal baclofen (Abel & Smith 1994~ Broseta et al

1989~ Latash et al 1990, Lazorthes et ai 1990~ Loubser et al 1991, Meythaler et al 1992b~

Ochs 1993, Penn 1988, Sahuquillo et al 1991~ Saltuari et al 1992; for review~ see

Campbell et al 1995). Azouvi and coUeagues (1996) quantified changes in locomotion

with intrathecal baclofen, but the rime span was six months and the measurement was an

ordinal scale based primarily on need for aids or assistance. Only seven of twelve SCI

subjects in their report showed locomotor improvement, two of whom were rated higher

because ofbetter wheelchair locomotion.

Corston and colleagues (1981) reported on a comparison oforal baclofen and DSI03-282

(tizanidine) on the walking pattern ofspastic paretic subjects. They reported greater mean

ankle dorsiflexion during baclofen than during tizanidine. However, the pattern during

baclofen was not significantly different trom the pattern before treatment or during

placebo treatment. They conduded that ooly minimal objective and subjective changes in

gait were found with baclofen or tizanidine. Their conclusions regarding badofen seem

generally borne out by our findings. In contrast to the other two drugs, baclofen was

associated with little effeet on walking pattern in any of the subjects, regardless of the

extent of disability. Hl showed an increase in tonie muscle activity following washout of

baclofen that is consistent with baclofen's well-documented effectiveness as an antispastic

Medication for the SCI population (Duncan et ai 1976, Sachais et al 1977; for reviews see

Campbell et al I995~ Lewis & Mueller 1993, Whyte & Robinson 1990~ Young &

Delwaide 1981). However, there was no associated deterioration in HI's walking pattern

in terms of speed or of need for support or assistance. Sîmilarly, another subjeet (C3)

showed no deterioration in walking perfonnance following washout of baclofen. Rather,

he showed irnproved activation of tibialis anterior during swing phase with a concomitant

reduction in the plantarflexion, opposite to the previously reported findings (Corston et al

1981). However, the results in C3 are consistent with the finding ofincreased paw drag in

chromc spinal cats with baclofen (Chau et al 1995).
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Thus, we observed neither the reduction or deterioration in locomotion seen in the animal

models, nor the more normal waIking that wouJd be expected if it were always true that

treatment to reduce spasticity will lead to improved voluntary motor control. There are

severa! possible reasons for observing little effect. First, it is possible that there was a

selection bias against baclofen among these subjects. That is to say, SCI subjeets who

agree to participate in a drug study are more likely to have been non-responders to

standard therapy, a factor which would bias against baclofen more than the other two

drugs. Second, although we employed higher doses than those employed by Corston et al

(1981) [generally 80 mg versus 15-60 mg], we cannot mie out that our doses were still

insufficient for any eireet. Certainly, the differences in doses delivered ta the Iumbar spinal

cord in an oral drug study as compared to an intrathecal drug study are sufficient ta

explain the differences observed in effect on clonus. That is, we observed Iittle effect of

baclofen on donus whereas severai authors (notably Latash et al 1989, Pirotte et al 1995)

have observed a large reduction in donus with intrathecal baclofen. Intrathecal application

leads to sufficiently high doses of baclofen delivered to lumbar motoneurons that a

post-synaptic effect may be present (Azouvi et al 1993, Dressnandt et al 1995) and tbis

post-synaptic effect may then be responsible for the reduction in donus.

Although tbis study was designed ta permit comparison of the three drugs, the results aIso

permit us to make observations regarding the progressive changes possible in the walking

abilities of chronic incomplete SCI subjects. Subjects often retained in successive

evaluations the gains made in previous evaluations, often in the washout period following

a drug period in which they had greatly improved. EssentiaIly, a retum to baseline

following a drug period was the exception rather than the mIe. These observations are

encouraging for clinicai rehabilitation but they aIso lead us to examine the issues in having

a well-controlled study ofdrug effeets on waiking.

SCI subjects with an incomplete loss of motor function clearly are not functionally stable

weU after the frrst year post-injury, and repeated measurement of walking, even as

infrequently as every 2-3 weeks, permits improvement in walking regardless of changes in

drug status. The retention of effects was particularly striking in the subjects who required
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harness support. The three subjects who acquired the ability to perform stepping without

manual assistance were repeatedly, and without exceptio~ able at subsequent evaluations

to perform at least short sequences of unassisted stepping. In the second group of

subjects, retention of improvement is most evident in the speed data (see Figure 7). Wl

and W2, for example, successively increased their MTS in an aImost linear fashion.

Subjects entered into the study later, such as Pl and C3, were repeatedly evaluated at tirst

without changing their drug status. Repeated increases in MTS are visible in each of their

tirst three evaluations. Part of the improvement that we observed may be due to a reversai

of some of the disuse changes, such as muscle atrophy and fatiguability, that would

particularly affect the subjects who used a wheelchair as their primary mode of

locomotion. Furthermore, the improvements are consistent with studies of improved

walking with treadmill training, including the use of body weight support where required

(Barbeau & Blunt 1991, Barbeau et al 1993b, Dobkin et al 1992, Fung et al 1990, Hesse

et al 1994, Visintin & Barbeau 1989, 1994, Wernig & Müller 1992, reviewed in Barbeau

& Rossignol 1994). The surprising finding was that evaluations as far apart as two to

three weeks permitted improvement. If the chronicity of the lesion does not assure a

stable baseline from which to measure changes, then other steps are required for

well-controlled studies, such as more frequent re-measuring of subject status or a more

controlled walking task.

In subjects who showed large changes in response to one or more of the drugs, it was

evident that washout of the drug was not equivalent to a retum to baseline in walking

status, particularly for clonidine. The results suggest the possibility that the drugs, when

effective for a subject, create a pennissive condition in which the subject may change bis

walking ability. When the drug is withdrawn, sorne of the changes in walking may persiste

These findings suggest several avenues of further research regarding the mechanism of the

ongoing change as weil as the lime course of the change in walking ability in drug and

washout periods.

It is striking that, of the six subjects who were referred to the study having been taking

one of the drugs for at least severa! months, four increased their MTS upon washout of
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the drug (Hl, Cl, C2 & C3) and the other two showed a minor decrease (W2) or no

change (S1). In considering the long-term henefits ascribed to drug therapy (e.g. Azouvi

et al 1996), it would be interesting to know whether the funetional gains depend on

ongoing drug treatrnent, or whether benefit would be retained upon withdrawal, such as

has been shown for withdrawal of intrathecal bac10fen (Becker et al 1995, Dressnandt &

Conrad 1996).

Sorne of the questions regarding the time course of change in walking May be addressed

with acute doses of the drugs. The method of bolus intrathecal injection of baclofen has

been useful in determining whether further intrathecal baclofen is appropriate to control

spasticity. The same method May be appropriate in evaluating the acute effects of a drug

in improving walking function. The aforementioned report of the acute effeets of

intrathecal c10nidine on walking suggests that this method May allow an interesting

examination of the relationship among aspects of walking and aspects of spasticity. The

observation that changes in walking and changes in measures of spasticity occurred

contemporaneously is of great interest, a1though not entirely surprising because clonidine

has been previously shown to have a clinically useful effect on both. However, it is not at

ail clear whether other treatments, pharmacological or otherwise, are able to have such a

contemporaneously beneficial effeet. Further studies pattemed after this study of

intrathecal c1onidine's effects, as weil as after those in spinal cats of daily drug

administration with training, will provide us with greater understanding of the role of

pharmacological treatment in the recovery ofwalking.

AlI three of cyproheptadine, clonidine and baclofen have been in use for Many years for a

number of clinical problems, and the side effects reported by the subjects in this study

were not dissimilar to those reported elsewhere. A few points are worth additional

emphasis. In the doses used in this study, adverse side effects were relatively benign. Any

side effects that were more troublesome were reduced by diminishing dosage and stopping

the drug. The doses of clonidine used were at the low end of the range of doses used in

previous studies of clonidine in spastic paretic subjeets and much lower than the doses

generally used for antihypertension (Atkin et al 1992, Materson et al 1993) or other
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... disorders (Rauck et al 1993, Singer et al 1995). Cyproheptadine and baclofen were

generally associated with fewer side etfects than was clonidine, although paradoxically

each proved intolerable to sorne subjects. It is important to note that the severity of side

effects seems to have no relationship with the severity offunctional deficit (compare Table

1 with Table 3) while bearing in mind that all subjects had sustained traumatic spinal cord

injury and the same may not be true of other spastic paretic populations. It is also

important to note that subjects who elected to continue one or more of the drugs at the

conclusion of their participation chose a dose that was less than or equal to, never greater

than, the dose used in the study.

In conclusion, in the doses used in the present study, clonidine and cyproheptadine were

each able to lead to improved walking in SCI subjeets with incomplete 10ss of motor

function, whereas baclofen did not lead to improved walking. The improvements

associated with clonidine and cyproheptadine were variable in their nature and extent

although generally greater in subjeets with greater motor disability - that is, SCI subjects

who would usually be considered clinically to have no useful motor function caudal to the

lesion level. Moreover, this comparison has shown differences among the drugs,

particularly with respect to the effect on clonus and to the duration of effects. The findings

regarding these drugs are consistent with the understanding of the roles of noradrenaline,

serotonin and GABA in the modulation of locomotion in spinal animal models.

Furthermore, the differences among the results support that it is important to evaluate the

effects on walking of any treatment to affect spasticity if they interact with the

neurotransmitter systems implicated in locomotion. We also conclude that there is a

tendency for gains in walking ability in chronic SCI subjeets, whether achieved during a

drug period or not, to be retained in subsequent evaluations. Many studies have shown

that drug therapy can be associated with improved clinical status. In contrast, this study

has shown that additional clinical improvement May sometimes be obtained with reduetion

or withdrawal of the drug treatment, if the task (in tbis case, walking) continues to be

demanded of the subjects. This has important implications for designing studies of

therapeutic benefit of drug treatments, not merely in controlling for this etfeet, but also in
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exploiting it for the maximum rehabilitation benefit with the least exposure to risk of

adverse effects.
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SUMMARYAND CONCLUSIONS

The recovery of walking ability bas always been a goal for many individuals following

spinal cord injury. As a resuit of changes in the spinal-cord-injured (SCI) population and

progress in understanding the control of walking and in developing methods of

rehabilitation, the goal of walking is becoming achievable for an increasing proportion of

the SCI population. Based on the findings in animaIs and on the trials with human

subjects, noradrenergic and serotonergic drugs may have a role to play in the recovery of

walking in SCI subjects and warrant further study. The extensive use of baclofen for

spasticity in the SCI population warrants a similarly close examination of its effects on

walking. The main experimental study of thi~ thesis was designed to compare the effects

of cyproheptadine, clonidine and baclofen on the walking pattern of subjects who had

sustained spinal cord injury with incomplete loss of motor function. This study showed

differences in the effects of these drugs on walking that had not been compared in human

subjects before. It confirmed some of the previous findings regarding cyproheptadine and

clonidine and raised questions regarding the possible raie of baclofen in the rehabilitation

ofwalking in SCI subjects.

A summary of these drugs' effects on reflexes and locomotion can be found in the Table.

There is evidence from multiple sources regarding several species that all three of these

drugs are able to reduce spinal reflexes. Their mechanisms for producîng such changes are

different and thus they have differing profiles of effeets across specifie evaluations of

refIexes from largely monoSYDaptic (e.g. H-reflex) to more complex polysynaptic retlexes.

Nonetheless, ail three drugs are able to produce clinically useful reduetions in the signs

and symptoms of spasticity in SCI subjects, and the selection of one over the others May

be guided by the extent of troublesome side effects produced by action at the Many

receptors for each drug throughout the body. It is important to note, however, that the

evidence in animal models does not suggest that a decrease in spinal reflexes will have a

directIy causal effect on locomotion. Although the decrease in spinal reflexes and the

modulation of locomotion occur contemporaneously, it is far from clear whether one or

the other is causal in this relationship. Furthennore, the effects on locomotion of
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Effects in human sel subjects

Signs ofspasticity &. reOexes Walking performanceLocomotor outputSpinal reflexes

Drug -> principalaetion in 1 Effects in animal models
the spinal cord

Table for Summary and Conclusions

causes IiUle or no change in
subjects who have already
recovered substantial ability 10
walk

clonidine -> stimulates 1deereases reflex responses,
noradrenergic <X.:1 receptors especially polysynaptic

reflexes

Acute: "releases a spinal diminishes signs of spasticity improves performance in
neuronal network generating with less effect on measures of subjects with very liUle abiUty
locomotion" (Forssberg &. monosynaptic reflexes (e.g. to walk
Grillner, 1973, p. 186) H-reflex, clonos) and more
Chronic: increases flexor effect on presumed
bursts and step length in a polysynaplic re11exes
well-performïng cal; improves
performance in a cal with
previous delerioration

cyprobeptadine .> blocks decreases reflex responses

W IS-HT receptors, principally blocks muscle aetivity that
N S-IIT:z receptors arises after application of

S-HT agonists or precursor

Chronic: reduces amplitude of diminishes signs of spasûcity,
muscle bursts with little eft'ect both monosynaptic (e.g.
on underlying pattern, by clonus) and polysynaptic
presumed effeet at output of
pattern generating circuitry
rather than within circuitry
itself

improves performance in
subjects with very (iUle ability
to walk. especially reducing
extraneous muscle aetivity
such as c10mas

causes little or no change in
subjects who have already
recovered substanûal ability to
wa1k

baclofen -> stimulates
GABAs receptors

decreases reflex responses,
both monosynaptic (through
presynaptic inhibition) and
polysynaptic pathways

[at high doses comparable to
intrathecal application,
induces motof neuron
membrane changes]

Isolaled spinal cord fictive
output: reduces or blocks
locomotor output

Chronic: induces deficits in
previously established pattern,
and blocks walking at higher
doses

diminishes signs of spasticity, anecdotal reports of improved
both monosynaptic and or deteriorated watking
polysynaptic

no reports ofclinically
important improvements in

(intrathecal doses cao walking demonstrated by
virtually or complelely abolish changes in muscle aetivity or
reflex responses] angular excursion patterns
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clonidiney cyproheptadine and baclofen are quite differenty in contrast to their generaIly

equivalent effect on reflexes. Clonidine, or other means of stimulating

alpha-2-noradrenergic receptorsy bas triggered locomotor patterns in the hindlimbs of

acutely spinalized catsy among other effectsy and is believed to participate in stimulating

the pattem-generating circuits themselves. Serotonergic drugs are believed to exert their

effects on locomotion principally at the level of the output of pattern-generating circuits

on motor neurons. Cyproheptadine may block the effect of excessive stimulation of

serotonergic receptors that would otherwise result in overactivity of motor neurons during

locomotion but with minimal interference in the expression of pattern-generating circuits

at low doses. Baclofen has 100 to dose-dependent decreases in fictive and rea1 locomotor

output and the stimulation of GABA receptors is believed ta be a means of

down-regulating locomotion. In light of these differencesy we turn to the results from the

present doctoral thesis study.

Cyproheptadine and clonidine were associated with the greatest change in walking

performance among subjects initially unable to walk without assistance. In this study, four

such Frankel C subjects were recruited, all of whom were evaluated at each session with

the use of the hamess support system. Two of these four showed marked changes in

walking status in association with both of cyproheptadine and clonidine and another

showed a large relative increase in maximal treadmill speed in association with clonidine.

There were eight subjects who entered the study already able to walk to sorne extent.

Among these subjects, the effects of cyproheptadine and clonidine were less marked,

although the speed changes in association with one or the other drug and the changes in

ankIe clonus associated with cyproheptadine suggest that the drugs had beneficial effects

on the subjects' walking performance. The speOO and donus changes, and the finding that

five of these eight subjects elected ta continue one or more of these drugs at the

conclusion of their participation, suggests that there were important benefits to the drugs.

The benefits may have includOO the reduction of discomfort or other syrnptoms associated

with spasticity, but they equally may have included an improvement in walking that is not

weil captured by the evaluation ofbriefsequences ofwalking pattern on a treadmill.
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There are differences noted among the effects of the three drugs. The MOst obvious is that

baclofen was not associated with marked improvements in the walking performance of

severely disabled subjects as were the other two drugs. However, one of these four

subjects entered the study already taking baclofen, and ooly one of the other three was

able to complete a baclofen period during the study. SuniIar problems limited the

conclusions for baclofen among the other eight subjects.

The differences between effects associated with cyproheptadine and those associated with

clonidine were not as clear as has been found in the experiments in spinal cats. Both drugs

were associated with modulation of the walking pattern in human SCI subjects as in

chronic spinal cats, but the clear distinction between noradrenergic and serotonergic

effects on relative timing and amplitude of muscle bursts was not seen in the humans. The

one notable difference between the drugs' effects was that cyproheptadine was more

commonly associated with a reduction in ankle clonus, sunilar to the

cyproheptadine-associated reduction in brisle, spasm-like movements seen in spinal cats

brought about by administration of serotonergic drugs. The reduced distinction between

the effects of cyproheptadine and clonidine in human SCI subjects may be attributed to a

combination of factors that were different in the cat experiments as compared to this and

MOst other trials in humans. One factor is that the experiments in cats were of acute

effects of injected doses, unlike the experiments in humans who took oral doses for

several weeks and thus had time to make adaptations to any changes in motor function. A

second factor is that the cats had undergone complete transection of the spinal cord,

unlike the partial injury sustained by all of the human subjects. The state of the descending

pathways is doubtless different, although to what extent is unknown. The discrepancies in

methods and in findings between studies in animal models and studies in human SCI

subjects Iimit the analysis of the mechanism ofthe drugs' effects in humans.

The experimental design of having multiple evaluations across several periods of drug

intervention and washout gave rise to the finding of a greater adaptability in walking

performance than had been expected in chronic sel subjects not undergoing intensive

training. Among ail twelve subjects, there were seven instances of increased speed across
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evaluations WÎth no change in drug status. Moreover, ten of the twelve 50bjects left the

study able to walk faster than they had at entry. The most likely explanation is that

repeated evaluations, even as infrequently as every two to three weeks, creates a training

effect which allows cumulative improvement. The mechanism of the improvement may

involve severa! factors. There may be a reduetion in disuse changes, 50ch as muscle

atrophy, that have occurred over time since the injury. There may also be other training

effects such as the beneficial effect of practicing the same task repetitively at successive

evaluations. A1though the mechanisms of the improvement remain speculative, there are

severa! clear implications for further research in the recovery ofwalking.

An effect of retained increase in speed and independence was particularly pronounced in

three of the four harness-using subjeets, particularly in washout evaluations. That is to

say, all three showed a sharp increase in speed with cyproheptadine or clonidine with an

incomplete retum to baseline in the washout periode In addition to the general training

effect discussed above, it is suggested that each of cyproheptadine and c10nidine may act

to permit greater training in sorne subjects who then retain the increase in walking status

following washout of the drug. If this finding is replicated, it has important implications

for the clinical usage of these drugs.

An important inference from these findings is that the disability levels of at least sorne

individuals with incomplete spinal cord injury remain adaptable more than one year

post-injury. While the reports of longitudinal change in neurological impairment following

spinal cord injury have concluded that there is generally littIe or no change after the tirst

year, it now seems clear that there is not a strong correlation between impainnent and

disability in sorne incomplete sel subjects more than one year post-injury. To c1arify the

difference, we will use the definitions put forth by the the World Health Organization

(WHO, 1980). Impairment was defined as "any loss or abnormality of psychological,

physiological or anatomical structure or function, ft and disability was defined as "any

restriction or Iack (resulting from an impainnent) of the ability to perform an activity in

the manner or within the range considered normal for a human being." The reports that

sel subjects show Iittle change after the tirst year post-injury are based on ratings of
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irnpairment, specifically using instruments such as the ASIA neurological classification.

The observation that disability rnay be modifiable for much longer is excitiog for

rehabilitation possibilities, and has implications for the design of intervention studies.

ln addition to the ongoing improvement seen in sorne subjects without changes io drug

status, there were other unexpected effects regarding the time course ofchange in walking

performance. Many subjects retained benefits from drugs ioto the washout period. This

was observed for cyproheptadine in two of the more disabled subjects and observed for

clonidine in three subjects across the groups. The increase in treadmill speed, for example,

was greater in the drug period than would be expeeted from a training effect alone and a

drug effeet was thus inferred. The retention of at least sorne of the increase in speed

irnplies that a drug's overa1l benefit for walking behaviour lasts beyond the period in which

it is present in suflicient concentrations to stirnulate the receptors in the spinal cord and

that implication poses interesting questions regarding the mechanisms of drug effeets on

walking. In particular, it suggests that the time course of drug effects on walking, over a

period of drug administration and beyond it, is worth exploring. It may be that at least

sorne of the drugs' effects result because they create a permissive situation in which the

subject is better able to benefit from walking experience.

From these findings, several recommendations may be made for further research regarding

pharmacological intervention for recovery of walking after spinal cord injury. The tirst is

that Frankel C (or ASIA C) subjects continue to be targeted for participation in drug trials

because important gains in walking ability May be demonstrated in such subjeets. As

discussed in the section describing the harness and treadmill, the use of such a system

permits participation of subjects who would otherwise be excluded from studies of

walking. The second recommendation is that walking performance should be evaluated

differently in less disabled subjects. Among the subjects who had limited overground

walking ability, maximal treadmill speed was somewhat responsive to change as an

outcome variable. However, other variables should be explored that may better reflect the

drugs' effects. The preferences of sorne subjects to continue the drugs after completing the

study may imply a greater ease of walking that might be reflected in walking tasks that
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better evaluate the control of walking: for exarnple, overground walking on uneven

surfaces or with different walking aids. For the two subjects with funetional overground

walking ability (that is, c1early Frankel or ASIA D level), the variable of maximal treadmill

speed was not responsive to change. In such subjects, it is even more important to

quantify more challenging locomotor tasks than treadmill walking. AItematively, it may

prove to be true that the drugs are simply not effective for sel subjects who have already

experienced substantial recovery of walking abiIity. We are unable at this time to

distinguish between an unresponsive outcome measure and a true lack of effect, and

further research is required.

In order ta identify optimal strategies for recovery ofwalking following spinal cord injury,

it is important to seek an understanding of the differences among drugs' effeets. However,

issues regarding the time course of change in walking perfonnance have confounded a

comparative analysis of the drugs' effects, and these issues regarding time course should

be clarified before further comparative studies in human subjeets may be successfully

designed.

Several strategies may be employed to investigate these issues regarding the time course

of changes in walking perfonnance. When speed or other functional indicators are to be

used in studying drug effeets on waIking, one of the possible strategies is to evaluate

subjeets on several occasions after each change in drug status. Such a design would permit

an estimate of the rate of change that is occurring as a result of training or praetice, and

drug effects or washout effeets would be inferred from an increase or decrease in the rate

of change. A strategy such as this would be particularly important for harness-using

subjects because they have less opportunity to irnprove their walking perfonnance outside

of sessions with the hamess and treadmilI than do subjects with greater functional walking

ability.

An experlmental design with multiple evaluations may be used to examine acute effects,

such as in the study of the effects of a bolus dose of intratheca1 clonidine (Rémy-Neris et

al 1996), or to examine effeets that occur over a longer time period. We will consider first

137



the investigation ofacute effects. Further investigation ofintrathecal clonidine is important

because of the interesting results briefly reported thus far, specifically the rapid increase in

overground speed with a bolus does ofintrathecal clonidine that was absent when placebo

injections were substituted. For example, it would be very interesting to know, ifplacebo

doses are omitted and clonidine doses administered consecutively, whether a cumulative

improvement effect may be seen as was found in spinal cats. A similar protocol could

readily be implemented in trials of intrathecal baclofen because bolus intrathecal doses of

baclofen are aIready usually used as a screening procedure prior to making a decision

about pump implantation. A similar research design could aise be used for serotonergic

drugs such as cyproheptadine, aIthough there currently seem to be no developments

toward intrathecal administration ofserotonergic drugs.

It is aise important to consider the effects of drugs on a time scaie longer than that of the

acute intrathecal injections, similar to the time scale of the main study of this thesis. As

discussed above, a strategy of multiple evaluations during each drug and washout period

would allow a better estimate of the background rate of change -- a presumed training

effect from ongoing walking evaluations - and any effeets associated with changing drug

dose could be more readily determined. It is particularly important to incorporate into any

study design a period of reducing drug dose even when the drug is apparently beneficial.

The findings of Becker and colleagues (1995) and of Dressnandt and Conrad (1996) that

there was little drop in functional status following reduetion or elimination of long-tenn

intrathecal baclofen are interesting in tbis regard. The findings in the main study of this

thesis that washout of baclofen or c10nidine often led to an increase in walking speed

suggest that reduetions or cessations of drug dose should be incorporated into the design

of any study of the drugs' effects. It is not necessarily true that improvement in functional

status foUowing reduction in drug dosage means that the drug had a negative effect on the

functional status. Rather, it may be that periodic changes in drug status, among other

variables that can be changed, are necessary to provide a stimulus for adaptation.

A full understanding of the drugs' effects will certainly remain elusive until their rime

course is better understood. However, as stated above, their mechanism for stimulating a
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change in the walking patterns of human SCI subjects is partIy obscured because such

subjects have incomplete cord injuries and most of the basic research bas been perfonned

in animaI models with complete spinal cord transections (SeTs). Athough there has been

some research using animaI models with spinal cord damage that is more analogous to the

typical injuries sustained by humans, the majority of the latter literature is in regard to

anatomy and pathophysiology ofspinal cord lesions and not in regard to motor behaviour.

If we are to understand the mechanisms of these drugs' effeets on individuals with

incomplete spinal cord injury, there needs to he study of the pharmacology of locomotion

in animaIs with similar lesions. For example, the effects of clonidine on walking pattern in

cats with SCT was found to be blocked by yohimbine, thus confirming an

a1pha-2-adrenergic effect. In cats with partial spinal cord lesions, it is important to know,

first, how the effeets of clonidine are similar to the effects seen in the cats with complete

SCT, and second, how locomotion May be changed by administration of other

a1pha-adrenergic drugs.

Despite the questions that remain to be answered regarding the effects of cyproheptadine,

clonidine and baclofe~ there are several positive and useful implications from the findings

for clinical rehabilitation. First, partial recovery of walking ability May take place for much

longer after incomplete spinal cord injury than the changes in neurological impairment

might imply. It is ooly relatively recently in sorne areas that a large proportion of newly

injured SCI patients have had partial sparing of sensory and/or motor function. Thus, the

process of recovery of abilities, waIking among them, in a population of SCI individuals

with less severe impairment has not been weil mapped out. It is exciting to consider the

possibilities implied by a long-lasting adaptability in movement ability, aIthough there is a

great deal still to be leamed about the extent ofthe adaptability and what may lintit it.

It is also positive for clinical rehabilitation that there are means to develop waIking ability

in Frankel C SCI patients who are unable to participate in most forms ofconventional gait

training. The hamess and treadmill system bas led us to understand that sorne elements of

walking may be expressed by sorne of these patients, and they may participate in walking

evaluation and training as a result. Furthermore, the use of clonidine and cyproheptadine
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in oral doses with relatively benign side effects may lead to marked increases in walking

performance. It remains to be determined whether baclofen May also create such a

permissive situation.

In contrast with the possibility ofa drug-related pennissive situation for training, however,

is the finding in other instances of greater walking ability without drugs than with them.

For example, six subjects entered the study having been taking one of the three clrugs for

at least severa! months to control spasticity. Five of the six subjects were able to increase

their treadmill speed following washout of the drug. In the analysis of the findings, we are

limited by not knowing what their treadmill speed would have been had their first

evaluation been conducted without drugs, and our interpretation must be cautious in Iight

of the probable training effects seen throughout the study. Nonetheless, the implication for

rehabilitation is that conventional thinking about duration of treatment May need

re-examination. For example, a 1986 review of treatment for spasticity in sel patients

stated that drug therapy 'twill presumably [he required] for the remainder of a patient's

lifetïme." (Young & Shahani 1986). To be fair to the authors of the review, they are

making this point as part of their argument in favour of the necessity of objeetifying any

beneficial effect to drug therapy. Many findings since the writing of the review, inc1uding

the findings of the main study of this thesis, suggest that we should examine whether

short-term treatment and frequent changes in treatment lead to a better outcome than

ongoing treatment without any modification.

In conclusion, the recovery of walking is becoming possible for an increasing proportion

of those who sustain traumatic spinal cord injury. In order to maximize the recovery of

walking in this population, we are developing therapeutic strategies from our

understanding of the control of locomotion. Noradrenergic drugs, such as clonidine, and

serotonergic drugs, such as cyproheptadine, have raies ta play in the recovery of walking

especially for those with severe impairment of motor function. As this study has sho~

the effeets of these drugs are different. However, both c10nidine and cyproheptadine

appear to be able to bring about a permissive situation in which important clinical

improvements in aspects of walking may be attained and then retained in the subsequent
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{ absence of the drug. Baclofen's effects were found to be different from those of the other

two drugs and it remains unclear whether it may aIse have a permissive effeet on walkin&

perhaps on a different time-scale from the other drugs. These drug therapies may be

combined with other therapies, especially training that incorporates devices such as

hamess support or electrical stimulation, to maximize the recovery of walking. In so

doing, the possibility for ongoing rehabilitation of walking after spinal cord injury may be

greater and more long-lasting than previously thought possible.
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SCHOOL OF PHYSICAL AND OCCUPATIONAL THERAPY

McGlLL UNIVERSITY

Consent to partJclpate ln a research prolect on the effects of cyproheptadlne.
clonldfne and baclofen on locomotor pattern, funetlonaJ mobllJty and the modulatIon

of the H-reflex

1. •consent to participate
in aresearch study designed to evaJuate the effects of cyproheptadine. donidine and bacfofen
on Iocomotor pattern. funetional mobility and the modulation of the H-reflex.

a) Purpose and prQtQÇQ' Qf the study

The purpose of the study is to examine if cyproheptadine. donidine and bacfofen can improve
waIking pattem or functional mobirlty. or change the modulation of the soleus H-reflex.
1accept to receive each of the three medicstions in progressively increasing doses for a week
and a hait. followed bya period of stable dosage for a week and a hait, then a decreasing
dosage for a week. There win then be a week of receMng none of the three medications. My
total participation will last 14 weeks.
1accept to remain uninformed untJl the end of the study as to the order in which 1 take the
medications.
1acœpt to be evafuatecf at the Human Gait Laboratory at McGilI University every 2-3 weeks.
according to the schedule of medications.
1 accept to inform the researchers of a!l medications that 1 take during the study period 1

including the dosages.

b) Evaluation procedures

The walking pattern and the soleus H-reflex (when necessary) will be evaluated at the Human
Gait laboratory of the SChool of Physical &OCCupational Therapy of McGiII University.
(1) The walking pattern WIll be evaJuated on the treadmifl and/or on the ffoor.
(2) The aetivity of the certain Iower fimb muscles win be recorded using surface erectrodes.
(3) The kinematic pattem wiD be recorded on videocassettes with the help of reffective markers.
lhere Wll aise be switches placed on the shoes. .
(4) When necessary. the H-reflex of the $Oleus muscle (one of the caff muscles) will be
obtained using electricaJ stimulation by means of a surface electrode on the back of the knee.
1understand that the treadmill is equipped with paralfel bats and a hamess. for my security.
The funetional mobility will be evaluated bya physiotherapist in the laboratory.
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c) pisadvantages Qf participatiQo in this studv

The principal disadvantage of partidpating in this study is that 1may feel adverse effects lside
effects1 trom the medicationsl such as drowsinessl fatiguel dry mouth, increased appetite (with
possible consequence Qf weight gain), constipatiQn. nausea and decreased blood pressure.
The adverse effects are more traquent during periods of increasing dosage and generaJly
disappear with stable dosage. The mQst sarious adverse effect is a possible decrease in blood
pressure. 1understand that the adverse effects will be measured by a nurse.
The other disadvantage is that 1will be evaJuated on specified occasions. and 1must travel to
the Laboratory for evafuations (transportation costs paid). The evaluations may be tiring but 1
win be given rest breaks as often as 1nead them.

d) Advantages of participation this study

The three medications may possibly improve my abDity to waJk and may also decrease my
spasticity. After 1complete my participation in the study, the results will be available ta me, as
weil as to my doctQr. 1may continue taking one or more of the medications. if they improve my
cond"ltion.

e) Effects of participation in this study

Treatment that 1 am receiving or that 1will receive Will not in any way be affeeted by my
decision to partipate or net in this study.
The evaJuations performed over the course of this study do not constitute a modaJity of
treatmenl

1) Information conceming the study

1understand that ail supplementary information that 1woufd like to obtain concerning this study
will be provided to me. 1understand that certain infonnation will form sorne of the content of
scientific pubfications; however. my anonymity WIll be respected at ail times.

g) WrthdrawaJ from the study

1understand that my participatiQn in this study is voJuntary and that 1can withdraw at any time
without prejudice.
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'. undersigned, understand the procedures. âlSadvantages. advantages. and effects of my
participation or of my withdrawal with respect ta this study. and 1know that the researchers will
answer my questions, and 1consent to partlclpale ln thls atudy.

Signature of the participant

Signature of witness

Date

1certity that 1have fully explained to the participant identffied above the nature of the study. ils
risks, and the tact that (s)he has the right te withdraw tram the study at any time. without
prejudice.

Signature of researcher

Date

Information:

Kathleen Norman, B.SC.P.T. and Hugues Barbeau, Ph.O.

SChool of PhysicaJ and OCCupationaf Therapy
McGiII University
3630 Drummond St.
Montreal
Telephone: (514) 3984519

or (514) 398-4517
FAX: (514) 398--8193
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