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Clonidine, a noradrenergic agonist, and cyproheptadine, a serotonergic antagonist, have each
been associated with improved walking in SCI subjects. Baclofen, a GABA agonist, is
frequently prescribed for spasticity but its e�ects on walking have not been well quanti®ed.
The objective of this study was to compare the e�ects of clonidine, cyproheptadine and
baclofen on walking in SCI subjects with incomplete injuries. A motorized treadmill was used
and harness support provided when necessary. A repeated single-subject design was employed
for the twelve subjects. The greatest e�ects were found in more severely disabled subjects.
Cyproheptadine was associated with greatly reduced need for assistance, increases in
maximum treadmill speed (MTS) and reduced clonus. Clonidine was associated with increases
in MTS and a generally more upright posture. Baclofen was associated with minor changes in
walking. In many cases of drug e�ects, MTS increases and other changes were retained
following washout of drugs. The signi®cance and implications of the drug e�ects and the
retention of e�ects during washout periods are discussed. It is concluded that clonidine and
cyproheptadine have di�erent e�ects but both appear useful for severely disabled SCI subjects.
The e�ects of baclofen on walking after spinal cord injury remains unclear.
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Introduction

The proportion of spinal cord injuries that are
clinically incomplete now form the majority of spinal-
cord-injured (SCI) cases in many countries.1 ± 6 How-
ever, the proportion of newly injured SCI patients who
are capable of reciprocal gait by discharge from
rehabilitation is smaller: approximately one-quarter to
one-third.1,4 Moreover, many patients who are able to
walk need assistive devices and do not use walking as
their primary mode of locomotion. The rehabilitation
of walking generally comprises strategies of strengthen-
ing available muscles and walking training with
appropriate assistive devices. When drug therapy is
included, the goal is often to reduce spasticity rather
than to improve walking directly. Although the clinical
signs of abnormal gait and spasticity are often
associated with one another, the nature of their
relationship is unclear.7 ± 11 Many of the therapeutic
strategies for spasticity are directed at neurotransmitter
systems that have been shown in animal models to play
a role in the modulation of locomotion.

Clonidine, a noradrenergic agonist, and cyprohep-
tadine, a serotonergic antagonist, have both been
studied for their e�ects on walking pattern in SCI
humans.12 ± 14 Clonidine did not a�ect locomotion in
SCI subjects with functionally complete injuries,14,15

but was associated with improved walking in SCI
subjects with incomplete injuries.14 Cyproheptadine
has been associated with an improvement in walking
pattern in subjects with spastic paresis.12,13 However,
clonidine and cyproheptadine have not been compared
to each other, and neither has been compared to other
pharmacological treatment presently in use for SCI
patients. Baclofen, a gamma aminobutyric acid
(GABA)-ergic agonist, is a commonly used drug for
spasticity in the SCI population. Baclofen treatment,
oral or intrathecal, has been associated with improve-
ments in some aspects of motor function16,17 but
whether it has speci®c e�ects on recovery of walking
has received little attention.

The purpose of the present study, therefore, was to
compare the e�ects of clonidine, cyproheptadine and
baclofen on the walking pattern of SCI subjects with
chronic incomplete lesions. SCI subjects 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 ®rst year.18,19 A repeated single-subject design was
selected in order to maximize the number of subjects
in whom the e�ects of the drugs could be studied. The
inclusion criteria were broader for this exploratory
study than would have been employed had this been a
clinical trial in order to examine the drug e�ects in
subjects with a wide range of disability from spinalCorrespondence: H Barbeau
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cord injury. Preliminary results of this study have been
reported previously.20 ± 22

Methods

Subjects
Twelve subjects were recruited, based on the following
inclusion criteria: incomplete spinal cord injury more
than 1 year previously with motor sparing and
hyperre¯exia; no other major neurological or orthope-
dic diagnoses; and not taking any drug known or
suspected to alter muscle tone, other than the drugs
under study. All subjects were currently living in the
community, independently or with family. They ranged
in age from 19 ± 35 years old and were free of other
medical problems except as noted (see Table 1). All
had sustained a traumatic spinal cord injury 1 ± 6 years
prior to entering the study. All subjects were men; none
of the women referred to the laboratory during the
study recruitment period were eligible to participate.
Almost all subjects had some experience with drugs for
spasticity, and six were on current oral drug for
spasticity at entry to the study. A description of the
subjects can be found in Table 1. The information in
Table 1, except for the determination of the
neurological level of injury (NLI), was obtained from
the referring physician as well as from the initial
meeting with each subject 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.

The protocol was approved by the university
departmental ethics committee as well as by those of
the rehabilitation institutions from which subjects were
referred. All subjects con®rmed in writing their
informed consent to participate.

Four of the 12 subjects were incapable of walking at
entry to the study and required the support of the
harness system23,24 in order to be evaluated. They have
been coded H1, 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 of locomotion. These
six subjects have been coded according to 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 W1, W2, P1, C1, C2 and C3.
The other two subjects had discontinued any use of a
wheelchair and have been coded S1 and S2 because
both used a single aid (cane or crutch) for walking
overground.

Drugs
All drugs were tablets 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

followed by a stage of stable dosage, then a stage of
tapering dosage, and ®nally 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 follows: baclofen
80 mg, clonidine 0.25 mg, and cyproheptadine 24 mg.
Since clonidine can have a hypotensive e�ect, each
subject was followed by a nurse in his home
community during the period of increasing dosage of
clonidine for side e�ects that might suggest hypoten-
sion. Measurement of blood pressure was performed
where symptoms indicated.

Since 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
complete the study. Thus, subjects who were referred
while taking one of the three study drugs were
evaluated ®rst without any change in their drug (H1,
W2, C1, C3, S1: baclofen; C2: clonidine). Subjects
were not blind to drug identity. However, the consent
form listed the possible e�ects of the drugs together to
minimize the e�ect of expectation.

Evaluations
Timing and procedure for evaluations Each subject was
evaluated one to four times at entry to the study, then
after the period of stable dosage of each drug, and
after each washout period (see Figure 1). At each visit
to the laboratory, subjects were interviewed for their
impressions of bene®cial e�ects and side e�ects
associated with the current drug or washout.

The instrumented gait evaluation yielded electro-
myographic (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 clinical
evaluation on the ®rst visit. If both sides were
essentially equal, the choice was based on practical
considerations (eg the usual location of a urinary
collection bag, if present).

Surface electrodes were taped to the skin over the
bellies of selected lower limb muscles: ipsilateral
tibialis anterior (TA); soleus (SO); medial belly of
gastrocnemius (GA); vastus lateralis (VL); and the
medial hamstrings (MH). Each electrode set had a
built-in di�erential pre-ampli®er with a gain of 10. The
signals were fed via a common cable to ampli®ers in
which there was a bandpass ®lter (10 ± 1000 Hz) and a
notch ®lter (60 Hz) and a further gain. The signals
were then recorded on FM tape. The total gain of the
EMG signals 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 of the heel, under
the head of the ®fth metatarsal, and under the great
toe. The foot-switch records were recorded on FM
tape simultaneously with the EMG signals. During
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Table 1 Subject characteristicsa

Age at
entry

Years since
injury
at entry N.L.I.

Activity when
injury occured

Primary mode

of locomotion
at entry

Able to rise
from sitting?

Able to
maintain standing?

Able to walk on
level surfaces?

Past

experience with
antispastic drugs

Drugs at
entry

H1 32 1.2 C5 diving manual wheelchair with help with forearm
support walker

No baclofen baclofen

H2 27 1.6 T11 all-terrain
vehicle riding

manual wheelchair with walker with walker Limited swing-to
with walker

diazepam,
baclofen

none

H3 33 2.3 C6 diving manual wheelchair No No No clonidine,
baclofen,
diazepam

none

H4 23 5.3 C5 diving manual wheelchair No No No clonidine,
baclofen,
diazepam

none

W1 29 3.5 C6 fall manula wheelchair with walker with walker with walker,
supervision

none3 none3

W2 35 4.8 C6 fall manula wheelchair with walker with walker with walker baclofen baclofen4

P1 30 2.3 C4 diving manual or
motorized5

wheelchair

with supervision with supervision with supervision,
assistance5

baclofen none

C1 19 1.1 C7 riding in car manual wheelchair with forearm
crutches

with forearm
crutches

with forearm
crutches

baclofen baclofen

C2 28 1.3 C6 diving manual wheelchair with forearm
crutches

with forearm
crutches

with forearm
crutches

clonidine clonidine

C3 22 2.2 T12 motorcycle
riding

manual wheelchair with forearm
crutches

with forearm
crutches

with forearm
crutches

baclofen baclofen

S1 20 4.9 C6 riding in car walking with
straight cane

Without help
or aid

Without help
or aid

Without help
or aid

baclofen6 baclofen

S2 19 2.8 C6 diving walking with
1 forearm crutch

Without help
or aid

Without help
or aid

with forearm
crutch

baclofen none

aWithin the Frankel (1969) classi®cation, subjects H1 ±H4 would be considered in category C: sparing of both sensory and motor function where the motor function is not
functional. They were not evaluated according to the newer A.S.I.A./I.M.S.O.P. protocol (1992), but would almost certainly all be in category C. Subjects W1, W2, P1 and
C1 ±C3 would be considered in category D of the Frankel classi®cation: sparing of both sensory and motor function where the motor function is functional. If they had
been evaluated according to the A.S.I.A./I.M.S.O.P. protocol, some would likely be in category C and others in category D. Subjects S1 and S2 would be considered in
category D of the Frankel scale: sparing of both sensory and motor funtion where the motor function is funtional. Although they were not evaluated according to the
A.S.I.A./I.M.S.O.P. protocol, both would likely be in category D. bN.L.I.=neurological level of injury (A.S.I.A./I.M.S.O.P. (1992) classi®cation system; lowest spinal level
with normal sensory and motor function). cW1 had a lifelong history of epilepsy and was taking anticonvulsant medication (divalproex sodium: Epival1). He had also been
taking an antidepressant (imipramine: Tofranil1) since his injury. Both medications were held at stable dosage throughout his participation in the study. dW2 had
previously been prescribed an anxiolytic (bromazepam: Lectopam1) which he took occasionally to help him sleep. He reported that his pattern of usage of this medication
did not change over the course of his participation in the study. eP1 generally used a motorized wheelchair when outdoors, and a manual wheelchair when indoors. He
propelled the latter with his feet. fS1 had received surgical treatments for spasticity in addition to the medication. He had undergone partial neurectomies for right
gastrocnemius spasticity and right adductor spasticity. The surgeries took place 21 months and nine monthes, respectively, prior to entry to the study
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subsequent o�-line analysis, the tape was replayed and
signals were sent to a computer via an analog-to-
digital convertor (12-bit, dynamic range +10 V) with
sampling of the signals at 1000 or 1200 Hz. Foot-
switch signals were inspected visually to determine gait
cycle boundaries.

Kinematic data was obtained from digitization of
videotaped recordings using standard VHS tapes with
a sampling rate of 60 ®elds per second. For
visualization of joint positions, re¯ective markers
were attached to the subject over the following
anatomical landmarks: head of the ®fth metatarsal,
lateral aspect of the calcaneus, lateral malleolus,
lateral joint line of the knee, greater trochanter of
the femur, and greater tubercle of the humerus.
Angular data are reported using standard biomech-
anical convention: hip at 08 represents neutral position
(08 ¯exion, 08 extension), knee at 08 represents full
extension, ankle at 08 represents neutral position
(shank and foot segments at 908 to one another).
Digitization of video records was performed o�-line
using computer software (Peak Performance Technol-
ogies Inc., Englewood, CO, USA). Automatic digitiza-
tion was performed when possible, supplemented by
manual digitization when required.

Four of the 12 subjects (H1-4) required harness
support to be evaluated on the treadmill. The harness
has been more fully described elsewhere.24 Essentially,
it allows for the support of body weight via a pulley
system over the treadmill. Although it has been
recognized that support levels above 50% of body
weight are associated with abnormalities in walking
patterns,25 some subjects were incapable of producing
any reciprocal leg movements unless greater support
was provided. Support provided by the harness varied
from 10 ± 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 him 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 ®rst evaluation for as long as the subject required
it, and was repeated at any subsequent evaluation in
which the subject was unable to perform 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 subject required assis-
tance, the treadmill speed was generally 0.03 to
0.05 m⋅s71, depending upon the experimenters' diffi-
culty in moving the subjects' legs. In such situations,
however, a subject's maximal treadmill speed was
classi®ed as 0.0 m⋅s71, re¯ecting his inability to follow
the treadmill unassisted. During each trial the tread-
mill 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.
Rest periods were at least as long as walking trials,
and generally several minutes longer. After several
trials at the reported comfortable speed, trials were
attempted at higher speeds if the subject could manage
them. Before each successive trial, the harness height
and attachments were adjusted if necessary for optimal
performance of stepping.

For the other eight subjects, treadmill walking was
evaluated without harness support. All subjects used
the parallel bars on the treadmill as much as they
wished. As with the harness-using subjects, the
treadmill belt motion was started from a full stop,
and increased slowly. For the slower subjects, a
comfortable speed was reached quickly, generally
40.10 m⋅s71. 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 be more certain.

For all subjects at each of their evaluations, trials
were performed at the reported comfortable 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 allow better comparison across
evaluations. The subject rested for several minutes as
needed between trials. 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
0.05 m⋅s71 (for slower subjects) or 0.10 m⋅s71 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 walking for at least 10 gait cycles or one
minute, whichever was shorter.
Data analysis As this was an exploratory study, the
results are presented descriptively, so as to demonstrate
the range of responses to the drugs, mostly varying

Figure 1 The study protocol is illustrated. Evaluations were
conducted at the beginning of each drug period, at the end of
a period of stable dosage, and at the end of each washout.
Additional evaluations before any drugs, and after all three
drugs were conducted 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 2 weeks
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with the severity of disability from spinal cord injury.
The heterogeneity of the subjects' disability as well as
of their responses to drugs prevented the collapsing of
data for inferential statistics. Despite the heterogeneity,
however, there were some similarities among the
responses to drugs and these are described below.

For the analysis of walking speed, the data are
presented in the sequence of changes in speed (Figures
2 and 5) as well as in a more integrated form for
comparison of drug e�ect (Figure 8). For the analysis
of walking pattern, the EMG and kinematic data are
presented in raw form when only a limited number of
cycles were available (Figures 3 and 4). Where EMG
averaging was performed (eg Figure 6), the data were
®rst bandpass ®ltered (20 ± 500 Hz), full-wave recti®ed,
smoothed with a moving window average, and
normalized in time across stance and swing phases
separately. Where kinematic averaging was performed
(eg Figure 7), the data were ®rst normalized in time
across stance and swing phases separately.

Results

Completion of the protocol by subjects
Seven of the 12 subjects were able to undergo
evaluations in association with all of the three drugs.

For four of the other ®ve subjects, adverse e�ects
prevented the completion of one or more of the
evaluations for drug e�ects. The adverse e�ects are
summarized in Table 2, and will be discussed in a
subsequent section. One subject (H3) dropped out for
personal reasons.

Subjects with no overground reciprocal walking
The most striking results were seen in the subjects who
were incapable of overground walking at entry to the
study. For all four of the subjects in this group, their
changes in maximal treadmill speed (MTS) are shown
in Figure 2.

All four of the subjects required manual assistance
during every step cycle in their ®rst attempt at harness-
supported stepping on the treadmill. By the end of his
initial evaluation, H1 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 evalua-
tions. For H1, H2 and H3, their initial MTS was
therefore rated as 0.0 m⋅s71. In contrast to the other
three subjects, H4 was able, after several sequences
with assistance, to perform stepping without manual
assistance in his ®rst evaluation at a MTS of
0.05 m⋅s71. The MTS for H1 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 of his
evaluations.

Over successive drug and washout evaluations, three
subjects (H1, H2 and H4) showed changes in MTS.
Cyproheptadine was associated with an increase in
MTS from the immediately previous evaluation in two
subjects (H1: 0.06 m⋅s71 to 0.14 m⋅s71; H2:
0.00 m⋅s71 to 0.05 m⋅s71). Clonidine was associated
with an increase in two subjects (H2: 0.05 m⋅s71 to
0.10 m⋅s71; H4: 0.06 m⋅s71 to 0.15 m⋅s71). To
illustrate the extent of the changes that could be
observed, kinematic, EMG and temporal data from
the series of evaluations are illustrated in Figures 3
and 4 for one subject (H1) who was able to complete
all three drug periods. The extent to which other
subjects showed similar changes is discussed below.

Figure 3 shows kinematic data and Figure 4 shows
temporal and EMG data from evaluations of H1. The
stance-swing transition is indicated in these illustra-
tions and is later in the cycle than is usually reported
for human gait but represents an average value for H1.
It is important to note that there is a generally inverse
relationship between the gait speed and the proportion
of the cycle taken up by stance phase.26

During the ®rst of H1's evaluations for baclofen, he
required manual assistance from the experimenters to
move his legs on the treadmill, despite the support
provided by the harness (20 ± 40% BWS) and his use
of the parallel bars. A few times, he was able to

Figure 2 Maximal treadmill speed (MTS) over successive
evaluations of locomotion in H1, H2, H3 and H4. In all
cases, the MTS was evaluated at whatever harness support
level was optimal for highest speed. The initial zero values for
H1 and H2 re¯ect the fact that neither could sustain stepping
without manual assistance for at least 1min. Zero values for
all evaluations for H3 re¯ect the fact that he was unable at
any evaluation to perform stepping without manual
assistance. (See Results section text for further explanation
of how MTS was ascertained.) Drug status is re¯ected by the
symbols as indicated in the legend. Each subject's values are
linked by a di�erent type of line (see legend).
(Reprinted with the permission of Williams and Wilkins)
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perform a single cycle without manual assistance from
the experimenters at 0.04 m⋅s71. The hip, knee and
ankle excursions from a single unassisted cycle are
illustrated in solid lines in Figure 3a, b and c. The data
are also shown in Figure 3d, illustrating the ¯exed
posture that results from the ¯exion. Both the hip and
the knee remain in ¯exion 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
dorsi¯exion throughout most of stance, also reflecting
the ¯exed posture (see Figure 3c) until he attempts to
bring his foot forward resulting in large oscillations of
ankle dorsi¯exion and plantar¯exion (see arrows in
Figure 3c and d).

The changes seen in the kinematic records are
paralleled by changes seen in the EMG records seen in

Figure 4a. These EMG signals were obtained in the
second baclofen evaluation. H1 still required manual
assistance for most stepping, the longest interval of
unassisted stepping being ®ve cycles at 0.04 m⋅s71.
The temporal data from these ®ve cycles are shown in
Figure 4a immediately above the raw EMG signals
from three of these cycles. There was irregular activity
of soleus throughout the cycle, with clonus in the third
cycle accompanied by coactivation of tibialis anterior.
The clonus is visible in the soleus by its characteristic
5 ± 7 Hz bursting pattern. The vastus lateralis record
shows little cyclical modulation in activity. The medial
hamstrings record shows some 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.27

In the post-baclofen washout evaluation, H1
showed minor changes in kinematic patterns although
more striking changes in EMG patterns (Figure 4b).
Furthermore, he had become capable of nine
consecutive unassisted cycles, up from ®ve in the
previous evaluation. The hip and ankle excursions
show little change except for reduced hip ¯exion and
ankle plantar¯exion in the latter part of the cycle.
There is dorsi¯exion in swing phase of the washout
evaluation that was not present in the evaluation for
baclofen. The knee excursions are also similar in
pro®le, although there was a substantial reduction in
¯exion in late stance and swing in the washout
evaluation as compared to the baclofen evaluation.
In Figure 4b, 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 ankle clonus in the soleus, visible
in late stance in the ®rst cycle, and in early and mid-
stance in the second cycle, with a burst of tibialis
anterior activity frequently in coactivation with soleus.
There is also prolonged, high-amplitude activity in the
medial hamstrings.

During his cyproheptadine evaluation, H1 was able
to follow the treadmill for several minutes without
assistance and with 20 ± 40% BWS at a speed of
0.06 m⋅s71, and for at least a minute at 0.14 m⋅s71

with similar BWS. The kinematic records from one
cycle at 0.06 m⋅s71 are illustrated in the dotted lines in
Figure 3a ± c and in the stick ®gure representations in
Figure 3e. He achieved a more upright posture, as seen
in the near-08 hip angle and in the reduced knee
¯exion in stance phase. The knee and hip also show a
more coordinated ¯exion pattern during swing phase:
both joints moved rapidly into ¯exion in early swing,
and the knee moved back toward extension in late
swing before the next foot contact. H1 also reduced
the foot dragging that had been present in the baclofen
evaluation. Abnormalities persist, however, in that the
ankle remains dorsi¯exed past neutral throughout
stance phase, and he still required harness support
for approximately the same BWS. Figure 4c shows

Figure 3 Normalized angular excursions of the left hip (a),
knee (b) and ankle (c) of H1 during a cycle of treadmill
stepping with harness support for each of baclofen (solid line,
0.04m/s), cyproheptadine (dotted line, 0.06m/s) and cloni-
dine (dashed line, 0.06m/s) evaluations. In order to align the
stance-swing transition from all displayed cycles, a stance
proportion of 90% was chosen as being representative of all
cycles. Arrows in the ankle excursion (c) in late stance phase
indicate oscillations occurring during e�orts to initiate
forward movement of the foot, accomplished in the swing
phase by dragging it along the treadmill belt. Stick ®gure
representations reconstructed from kinematic data for cycles
during treadmill stepping in baclofen (d), cyproheptadine (e)
and clonidine (f) evaluations. For stance phase, every tenth
sample is illustrated such that between successive stick ®gures
the time lapse is 0.167 s; for swing phase, every ®fth sample is
illustrated such that between successive stick ®gures the time
lapse is 0.083 s. For the composite representations, the
horizontal distance between stick ®gures was increased by
0.002m over the distance actually moved (in direction of
horizontal arrow) in order to improve the visibility of posture
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. The
diagonal arrows in d correspond to the ankle oscillations
indicated by diagonal arrows in c
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temporal and EMG data from this evaluation. In
marked contrast to the evaluation for the previous
(post-baclofen) washout, HI showed a regular pattern
of muscle activity with cyproheptadine (Figure 4c).
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 late stance at which point the tibialis anterior
activity begins for its sharpest peak during the cycle.
There is also some 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 activity in the medial hamstrings.

In the post-cyproheptadine washout evaluation, H1
showed a retention of many of the kinematic patterns
seen in the cyproheptadine evaluation with three
notable di�erences. First, there is less extension at
the hip and knee in early stance of the washout
evaluation. Second, there is a decrease in ankle
dorsi¯exion in mid-stance. Third, the ¯exion at the
hip and knee in early swing in the cyproheptadine
evaluation is absent in the washout evaluation,
replaced by an earlier ¯exion of both joints that
begins well before swing phase. Although some of the
improvements seen in the cyproheptadine period
disappeared in the washout period, the pattern did
not revert to that seen in the washout evaluation that
preceded cyproheptadine (ie the post-baclofen wash-
out). In particular, the hip and knee remained less
¯exed in the post-cyproheptadine washout evaluation
than in the washout evaluation that preceded
cyproheptadine. The EMG records (not illustrated)
re¯ected that H1's walking pattern only partly reverted
to its state before cyproheptadine. The abnormal
timing seen in the post-baclofen washout did not
return, but clonus in soleus did return.

During the clonidine evaluation, H1 remained
similarly capable of independent gait cycles with 20 ±
40% BWS, and the kinematic records from one cycle
at 0.06 m⋅s71 are illustrated in the dashed lines in
Figure 3a ± c and the stick ®gure representations in
Figure 3f. There is little change in the hip angular
excursion, in comparison with the cyproheptadine
data, with a near-zero hip angle in stance re¯ecting
an upright posture. The knee and ankle, however,
show more noticeable di�erences. With clonidine, the
knee remains in greater extension during stance phase
and begins ¯exion earlier with respect to swing phase.
The ankle remained near 08 during stance, associated

Figure 4 Average temporal durations and raw EMG signals
from the left leg of H1 during treadmill stepping with harness
support. Bars at top of each of a, b, c and d indicate
temporal data. EMG records are shown below each set of
bars. 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 of cycles averaged is in parentheses.
TA=tibialis anterior; SO=soleus; VL=vastus lateralis;
MH=medial hamstrings. Vertical lines indicate cycle

boundaries (beginning of ipsilateral foot contact with the
treadmill belt). Upward arrows at baseline indicate stance-
swing transition. (a) Second evaluation while taking baclofen.
(Note that clonus is most visible in soleus from time=24 s to
time=26 s.) (b) Evaluation at the conclusion of washout
period after baclofen. (c) Evaluation during cyproheptadine
period. (d) Evaluation during clonidine period

Drug effects on SCI gait
KE Norman et al

705



with his more upright posture in this evaluation. A
comparison of the kinematic data from the previous
washout with those of the clonidine evaluation showed
that the hip extension, knee extension and relative
absence of ankle dorsi¯exion are new changes with
clonidine and had not been seen previously. In the
stick ®gure representations in Figure 3f, the relative
extension of the hip and knee are re¯ected in the more
vertical orientation of the thigh and lower leg
segments in the mid- to late stance phase.

Temporal and EMG data from a sequence at
0.06 m⋅s71 during H1's clonidine evaluation are
shown in Figure 4d. Although there was a return of
evidence of ankle clonus (most evident in the third
cycle), the soleus also showed relatively greater activity
in mid- to late stance in a reciprocal pattern with the
tibialis anterior, re¯ecting a more normal recruitment
pattern. The medial hamstrings record, however,
showed a partial return of the prolonged, high-
amplitude activation pattern that had been seen in
washout evaluations.

In summary, H1 showed changes in walking ability at
each drug and washout evaluation. 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
dorsi¯exion in swing phase. The greatest increase in
stepping control and capacity was seen in the evaluation
for cyproheptadine. Speci®cally, cyproheptadine was
associated with a large increase in MTS, a more normal
EMG pattern, reduced ankle clonus, a less ¯exed
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, although a slight deterioration can be
seen in the kinematic pattern leading to a return to a
more ¯exed posture. Clonidine was associated with a
further improvement over the cyproheptadine period in
the reciprocal activation of tibalis anterior and soleus,
as well as in the less ¯exed posture.

The results for H2 were similar to those for H1 in
that both cyproheptadine and clonidine were associated
with marked changes in kinematic patterns and in MTS.
Cyproheptadine was associated with a transformation
from a posture with rigidly extended lower limbs
requiring extensive manual assistance for even a few
small steps to a state of independent stepping with only
mechanical BWS for several minutes at a time.
Following washout of cyproheptadine, H2 remained
able to perform independent stepping, but with an
altered kinematic pattern with more clonus and for
more limited periods. The sequences of independent
stepping in these evaluations were terminated when his
posture reverted involuntarily to that of rigid extension
and adduction of the lower limbs, an e�ect that had not
been seen in the evaluation for cyproheptadine. During
the subsequent baclofen period, his pattern remained
similar to that during the previous (ie post-cyprohepta-
dine) washout. Again, during the post-baclofen
washout, there was essentially no change in his

pattern. He showed minor increases in MTS across
these evaluations. Subsequently, clonidine was asso-
ciated with more important changes in his abilities. H2
doubled his MTS in the stepping sequences with his hips
and knees ¯exed, similar to the posture of his previous
independent sequences (see Figure 2, bold solid line).
He also began to show signs of becoming independent
at a stepping pattern with the hip and knee near
extension in stance phase, performing only two cycles
independently.

At the conclusion of the clonidine period, H2
elected to try a combination of clonidine and
cyproheptadine. Cyproheptadine alone had permitted
him to be relatively free of clonus and greatly reduced
the `scissoring' and strong extension, whereas clonidine
had permitted him his ®rst independent steps with
support almost exclusively from the parallel bars.
Although this period of combined cyproheptadine and
clonidine did not form part of the experimental
protocol, the results were evaluated and are reported
here because of the changes that were seen. H2
continued to be capable of stepping in a ¯exed,
harness-supported position at a MTS of 0.10 m⋅s71

(see Figure 2, bold solid line). More importantly, he
also became capable of independent stepping in an
upright position with the harness system registering
little support (510% BWS) whereas previously he had
always required manual assistance to move his legs in
this extended, adducted posture. He maintained this
pattern at a treadmill speed of 0.05 m⋅s71 without
assistance for sequences of at least a minute at a time.
In a subsequent evaluation while still taking a
combination of clonidine and cyproheptadine, he
continued to increase his MTS at stepping in a flexed
position to 0.15 m⋅s71 (see Figure 2, bold solid line).
His maximal speed for upright stepping, still without
manual assistance, rose to 0.07 m⋅s71. The improve-
ment permitted him later to attempt reciprocal
stepping overground with a walker and thus to
participate in a study of overground walking training.

H3 did not show changes as striking as those seen in
H1 and H2. He did not become capable of taking
independent steps during any of his evaluations. His
participation in the study was terminated early, at his
request. In contrast, H4 showed considerable change
in his stepping ability over the course of the study, as
seen in his changes in MTS (see Figure 2). He showed
a sharp improvement in MTS in the clonidine
evaluation, but changes in stepping pattern for same-
speed comparisons were minimal and he remained
highly dependent on the harness for support. His
inability to tolerate su�ciently long periods of
cyproheptadine or baclofen meant that inter-drug
comparisons of drug e�ect on stepping pattern
cannot be made for H4.

Subjects with limited overground reciprocal walking
Results in this group of subjects were generally less
striking than those seen in the group described above.
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All six of them were able to walk on the treadmill for
several minutes at a time with no harness support or
manual assistance throughout the study. All of them
increased their MTS over the course of their
participation in the study, illustrated in Figure 5.
Four subjects in this group were able to undergo
evaluations for all three drugs, one of whom
experienced sharp increases in MTS in association
with two of the three drugs. The results for the latter
subject, C3, are described in detail.

C3 was referred to the study while taking baclofen
and was evaluated three times with no change in his
drug status. He showed an increase in MTS from his
®rst evaluation (0.22 m⋅s71) to his second evaluation
(0.30 m⋅s71) as seen in the symbols connected by a
solid bold line in Figure 5. His MTS remained stable
from the second to the third evaluation and then
increased following washout of baclofen to
0.34 m⋅s71, and increased again to 0.44 m⋅s71 during

the evaluation for cyproheptadine. His MTS decreased
to 0.30 m⋅s71 following washout of cyproheptadine,
but increased again to 0.45 m⋅s71 during the evalua-
tion for clonidine. Unlike the post-cyproheptadine
washout, his post-clonidine washout evaluation
showed no change in MTS from the previous
evaluation.

Figure 6 shows EMG data from six evaluations of
C3 and Figure 7 shows averaged kinematic data from
sequences at 0.20 m⋅s71 from the same six evaluations.
The principal di�erences noted were in the the EMG
amplitude of TA, the ankle excursion in swing phase,
and the clonus visible in the soleus record in stance
phase.

The EMG records for TA are illustrated in the top
traces of Figures 6a ± f, inclusive. In the evaluation for
baclofen (Figure 6a), 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 evaluation (Figure 6b) 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 6c ± f). The duration of this TA
burst is reduced during the evaluation for clonidine
(Figure 6e).

The signi®cance of these changes in TA activity for
the ankle excursion can be seen in the averaged ankle
excursion records for swing in Figure 7f. During the
evaluation for baclofen the swing phase ankle
excursion is much more plantar¯exed than in any
other evaluation, 4208 more plantar¯exed than in any
of the washout evaluations. In the evaluation for
clonidine, the ankle excursion reverts part way to a
more plantar¯exed pattern, possibly related to the
shorter burst of TA activity in this evaluation.

The other important di�erence across evaluations
for C3 was in the EMG activity related to ankle
clonus. In order to obtain better visualization of
EMG activity related to clonus, unaveraged soleus
records were used. Figures 6g ± l shows soleus
records from ®ve consecutive cycles of the ten that
were used to form the averages shown in Figures
6a ± f. In order to visualize the consistent frequency
of clonus, these records have been graphed before
normalization and averaging. The individual soleus
EMG records for the evaluation for cyproheptadine
displayed in Figure 6i show that activity related to
ankle clonus was diminished in comparison with the
soleus EMG from all other evaluations (Figure 6g,
h, j ± l.

In summary, C3 showed changes associated with all
three drugs. From the evaluations for baclofen to the
subsequent washout evaluation, 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 well as a
reduction in ankle clonus; neither e�ect was main-
tained in the subsequent washout period. Clonidine

Figure 5 MTS over successive evaluations of locomotion in
W1, W2, P1, C1, C2 and C3. Drug status is re¯ected by the
symbols as indicated in the legend. Each subject's values are
linked by a di�erent type of line (see legend). Note that the
scale is di�erent from that used in Figure 2

Drug effects on SCI gait
KE Norman et al

707



was also associated with a sharp increase in MTS that
was maintained in the subsequent washout, and with a
change in ankle excursion and tibialis anterior EMG
activation that was not maintained.

Three other subjects in this group also experienced a
reduction in ankle clonus associated with cyprohepta-
dine. W1 had a reduction in clonus activity in soleus
with cyproheptadine. Similar to the e�ect seen in C3,
the reduction in clonus was not seen in evaluations for

either of the other drugs or in washout evaluations.
W2 and C1 reported a similar e�ect of reduced ankle
clonus in other activities, such as performing transfers
and descending stairs.

For the other ®ve subjects in this group, changes in
MTS attributable to drugs were not as striking. Two
subjects, W1 and W2, the slowest-walking subjects of
the group, increased their MTS in an almost linear
manner across consecutive evaluations, as seen in the
®ne solid line and the ®ne dashed line, respectively, in
Figure 5. In two other subjects, C1 and C2, the
greatest change in MTS occurred following washout of
one of the drugs. The two increases in MTS for C1
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 5. Nonetheless, C1 reported
subjective bene®t during the cyproheptadine period.
The greatest increase in MTS for C2 occurred
following washout of clonidine, with a smaller
increase seen during the evaluation for cyprohepta-
dine, seen in the symbols linked by the ®ne dotted line
in Figure 5. The other subject in this group, P1,
showed increases in MTS, both at some drug
evaluations and at some washout evaluations (bold
dashed line in Figure 5).

Figure 6 (a ± f) Recti®ed, averaged EMG signal from
muscles, of the right leg of C3 during 10 cycles of treadmill
walking. TA=tibialis anterior; SO=soleus; VL=vastus
lateralis; MH=medial hamstrings. Vertical lines indicate
stance-swing transition. Averaging was performed separately
across stance and swing phases from EMG records from 10
consecutive cycles which had been digitized ®ltered, full-wave
recti®ed, smoothed and normalized for duration. The two
averages were placed side by side, and their lengths adjusted
to re¯ect the average length of the 10 stance and swing
phases. The average absolute cycle duration is noted in the
®gure for each evaluation. All data displayed were gathered
during sequences at a treadmill speed of 0.20m/s. (g ± l)
Recti®ed, smoothed EMG signals from the right soleus
muscle in C3 during stance period of ®ve of the ten cycles
illustrated in a ± f, respectively. Note the di�erent vertical
calibration. a,g. Third evaluation while taking baclofen. b,h.
Evaluation at the conclusion of washout period after
baclofen. c,i. Evaluation during cyproheptadine period. d,j.
Evaluation at the conclusion of washout period after
cyproheptadine. e,k. Evaluation during clonidine period. f,l.
Evaluation at the conclusion of washout period after
clonidine

Figure 7 Averaged angular excursions of the right hip
(a,d), knee (b,e) and ankle (c,f) of C3 for stance (a,b,c)
and swing (d,e,f) phases during treadmill walking.
Averaging was performed across separately across six
stance periods and six swing periods (except for
cyproheptadine evaluation and subsequent washout evalua-
tion, 10 stance and swing periods used). The widths of the
graphs are proportional to the average stance and swing
proportions across all cycles analysed. Solid lines indicate
averaged traces for washout evaluations. Broken lines
indicated averaged traces for evaluations during drug
periods (baclofen: dotted line; cyproheptadine: dashed
line; clonidine: dashed-dotted line)
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Subjects with functional overground reciprocal walking
In subjects who entered the study with functional
overground reciprocal walking, S1 and S2, there were
no consistent di�erences in EMG patterns, kinematic
patterns or gait speed in association with changes in
drug status. Both of these subjects were capable of
treadmill speeds at entry to the study that were
substantially higher than the other subjects in the
study: 1.0 ± 1.3 m⋅s71.

Summary of speed changes and secondary drug e�ects
Speed changes In Figure 8, the change in MTS has
been plotted as a function of the subject's initial MTS
for H1, H2, H4 and all six of the subjects in the second
group. To obtain the change in MTS for each drug, the
MTS during the immediately previous period (initial
no-drug condition or washout) was subtracted from the
MTS during the drug period (Figure 8a, c, e).
Cyproheptadine (Figure 8a) was associated with an
increase (H1, H2, W2, C2, C3, P1) or no change (W1,

C1) in MTS. Several of the increases with cyprohepta-
dine represented a large change as a proportion of their
initial MTS (H1, H2, C3). Clonidine (Figure 8c) was
also associated with increases in MTS (H2, H4, W1,
C3, P1) some of which were large proportional
increases (H2, H4, C3). However, clonidine was
associated in other subjects with no change (W2) or a
decrease (H1, C1) in MTS. Baclofen (Figure 8e) was
associated with a small increase (W1) or no change
(H2) in MTS.

The data regarding change in MTS following
washout of each drug are equally interesting. To
obtain the change in MTS following each drug, the
MTS during the immediately previous drug period was
subtracted from the MTS during the washout period
(Figure 8b, d, f). Cessation of cyproheptadine was
never associated with an increase in MTS, but rather
with no change (H1, W1) or a decrease (H2, W2, C2,
C3, P1) in MTS (see Figure 8b). In contrast, cessation
of clonidine (Figure 8d) or baclofen (Figure 8d) were
often associated with an increase in MTS (clonidine:

Figure 8 The change in absolute value of MTS is plotted as a function of the subject's initial MTS. In each graph, each vertical
dotted line represents a single subject except for the left-most dotted line which represents H1 and H2 who both had an initial
(unassisted) MTS of zero. See legend for dilferent drug symbols. Data from H4, S1 and S2 have been omitted because they
showed no MTS changes in association with change in drug status. a, b: cyproheptadine/washout. c, d: clonidine/washout. e, f:
baclofen/washout. a, c, e: The change value for each drug has been calculated as the subject's MTS during a drug period minus
his MTS during the immediately previous period of no medication. Missing values are due to subject's being unable to complete
a drug evaluation (cyproheptadine: H3, H4; baclofen: H3, H4, P1, C2) or to subjects' entering the study while taking a drug
(baclofen: H1, W2, C1, and C3; clonidine: C2). b, d, f: The change value for each drug has been calculated as the subject's MTS
during a drug period minus his MTS during the immediately subsequent period of no medication. Missing values are due to
subjects' being unable to complete a drug evaluation (cyproheptadine: H3, H4; baclofen: H3, H4, P1, C2) or to subjects'
discontinuing the study without completing a ®nal washout evaluation (cyproheptadine: C1; clonidine: H1, H2, W1)
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H4, W2, C1, C2; baclofen: H1, H2, C1, C3) and other
times with no change (clonidine: C3, P1) or a minimal
decrease (baclofen: W2) in MTS.
Secondary e�ects The side e�ects reported by the
subjects are summarized in Table 2. The list of e�ects
was compiled from e�ects attributed to the drugs by
the subjects, reported either during a drug period or
after the subsequent washout.

Clonidine was associated with side e�ects more
often than the other two drugs, in particular the e�ect
of dry mouth. Cyproheptadine was commonly
associated with an increase in appetite, unsurprisingly
because it has been prescribed in other populations as
an appetite stimulant.28,29 The most commonly
reported side e�ect during the baclofen period was a
feeling of drowsiness or somnolence, consistent with
other reports.30,31 The side e�ects of drowsiness and
fatiguability with any of the drugs were not visible to
the experimenters, nor did they interfere with
performing evaluations, except when the drug period
could not be completed.

The side e�ects associated with clonidine were not
deleterious enough in any subject to result in drop-out
or missing an evaluation. In contrast, cyproheptadine
and baclofen were both intolerable to one or more

subjects: cyproheptadine principally because of the
side e�ect of headache and nausea, baclofen princi-
pally because of a feeling of fatiguability and 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 to entering the study: H4 had experienced the
same e�ect at that time, although it had not been as
severe; P1 had not previously experienced.

Many subjects elected to continue one or more of
the drugs following their participation in the study,
despite side e�ects for some. Both H1 and H2 chose to
continue a combination of cyproheptadine and
clonidine at the conclusion of the study. In
particular, they were pleased with cyproheptadine:
H1 because he was able to walk overground for short
distances using a rolling walker with forearm supports;
and H2 because he had a marked reduction in night
spasms that had been interrupting his sleep. W1
reinstated a low dose of cyproheptadine in order to
control ankle clonus. W2 started a combination of
cyproheptadine and baclofen to reduce sti�ness and
spasms. C1 continued cyproheptadine because of the
bene®t of reduced sti�ness and spasms. C3 chose a
combination of cyproheptadine and clonidine because
he had experienced bene®t during both of those
periods. S1 reported that during the clonidine period
he was able to attempt jogging and jumping. He chose
to continue clonidine following his participation in the
study.

In summary, only one subject (W2) elected to
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 to
continue clonidine, alone or in combination with
another drug. In all cases of continuing drug
therapy, the subjects continued them for at least
several months and in some cases for over a year.
Three subjects (H2, W1 and W2) subsequently entered
a study of the e�ects of functional electrical
stimulation (FES) and training on walking, and they
continued a stable dose of drug(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 di�culty
participating, without the continuing drug therapy.

Discussion

In this comparison of the e�ects of clonidine,
cyproheptadine and baclofen on walking in SCI
subjects with chronic incomplete lesions, we found
that the drugs have di�erent e�ects, most noticeably in
subjects with greater neurological impairment. For
clonidine, the e�ects included longer cycles, increased
treadmill speed and more upright posture. These
changes were similar to those seen in chronic spinal
cats who had been trained to walk post-transection,
had subsequently shown a deterioration in locomotor

Table 2 Secondary e�ects

Clonidine Subjects Codes

dry mouth

↑urinary frequency
fatiguability/↑energy
light-headedness/dizziness
constipation
↓urinary urgency1

↑appetite
numbness
altered sexual function2

nausea

7

4
4
4
3
2
2
1
1
1

H1, H2, W2, P1,
C3, S1, S2
W1, C2, S1, S2
C1, W2, P1, S2
W2, C1, C3, S2
C2, S1, S2
H3, P1
C1, S2
P1
C2
C3

Cyproheptadine Subjects Codes

↑appetite
headache/nausea3

fatiguability/↓energy
subjective↓in strength
↑urinary frequency
skin rash3

5
2
2
1
1
1

H2, W1, C1, C3, S1
H4, S2
C3, S1
W1
C2
H4

baclofen Subjects Codes

fatiguability/↓energy/
↓concentration3

drowsiness/somnolence
subjective↓in strength
↑spasms3

subjective↓in sensation

3

3
2
2
1

H4, P1, C2

W1, P1, C3
H1, C3
H4, P1
C3

1Regarded as a bene®t by subjects. 2Real incidence may be
higher because subjects may be reluctant to discuss. 3Cited as
(one of) reason(s) for discontinuing drug early and/or
dropping out of the study
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pattern and were then injected with clonidine.32 For
cyproheptadine, the e�ects included the striking
emergence of an ability to perform continuous tread-
mill stepping without manual assistance in two
subjects. This resembles the re-emergence of rhythmic
stepping in chronic spinal cats upon cyproheptadine
injection after their locomotor pattern had been
disrupted by injection of serotonergic precursor or
agonists.33 Cyproheptadine was also associated with
increased treadmill speed and reduced ankle clonus.
The reduction in clonus was greater with cyprohepta-
dine than with the other two drugs and it did not
persist following washout, unlike some of the other
drug e�ects. In contrast to the other two drugs,
baclofen was associated with little e�ect on walking
pattern in any of the subjects, regardless of the extent
of impairment, although they reported that it reduced
their spasticity. In their walking patterns, there were
changes in EMG amplitude but minimal change in
overall timing; these were not linked with functional
changes except for the example of a reduction in
abnormal ankle plantar¯exion and improved activation
of the tibialis anterior muscle in swing phase following
washout of baclofen. These results may be linked with
the observations of increased paw drag with decreased
re¯ex responses in chronic spinal cats with baclofen.34

However, we did not ®nd other de®cits with baclofen
that parallel the ®ndings with baclofen in chronic
spinal cats such as reduced weight support of the
hindquarters and arrest of walking with higher doses.34

The ®nding that subjects with relatively greater
neurological impairment bene®t most from cyprohep-
tadine and clonidine is consistent with previous
studies.12 ± 14 In previous studies of clonidine versus
placebo,14,35 subjects comparable to the more disabled
subjects in the present study showed greater improve-
ments in walking ability following oral or intrathecal
clonidine. Subjects who had already regained func-
tional overground walking showed little e�ect of
clonidine.14 Similarly, in a study of cyproheptadine
versus placebo,13 subjects with greater neurological
impairment showed greater improvement with cypro-
heptadine than did those subjects who had previously
regained functional overground walking.

Although oral baclofen has been in clinical use for
many years, there has been remarkably little investiga-
tion of its e�ects on walking. There has been a recent
increase in published reports of baclofen's e�ects,
largely because of the development of intrathecal
modes of delivery. However, even when this literature
is considered, reports of baclofen's e�ects on walking
are scarce, and consist mostly of anecdotal reports or
rating on an ordinal scale17,36 ± 45 (for review, see
reference 46). In addition, the time course of the
changes was often long enough for many other factors
to have in¯uenced walking ability. One exception was
a report of a comparison of oral baclofen and DS103-
282 (tizanidine) on the walking pattern of spastic
paretic subjects. Greater mean ankle dorsi¯exion was
seen during baclofen treatment than during tizanidine

treatment. However, the pattern during baclofen was
not signi®cantly di�erent from the pattern before
treatment or during placebo treatment. Thus, only
minimal objective and subjective changes in gait were
found with baclofen or tizanidine.47 These conclusions
regarding baclofen seem generally borne out by our
®ndings.

Although the primary purpose of this study was to
compare the e�ects of the three drugs during short
periods of drug administration, we were also able to
observe the changes in walking over a series of
evaluations and the extent of retention of changes in
walking. Two ®ndings particularly merit further
discussion. The ®rst is that, as exempli®ed by the
data illustrated in Figure 8, there appear to be
di�erences among the drugs regarding the subjects'
ability to walk following washout of the drug.
Speci®cally, the washout of cyproheptadine frequently
led to a reduction of MTS in subjects who had
previously shown an increase or no change in MTS,
whereas the washout of clonidine frequently led to a
maintenance or increase of MTS. The reasons for the
di�erences are unclear. However, the clonidine results
are consistent with the ®ndings in acute spinal cats
that clonidine injections combined with interactive
training lead to rapid recovery of walking that is
retained following cessation of clonidine injections.48,49

The observation that cyproheptadine washout more
frequently led to a reduction in MTS suggests that its
e�ect, at least in those cases, was based on a short-
term change in spinal cord functioning that was not
well sustained upon drug washout (see section on
Possible mechanisms, below). The second important
®nding for discussion is the overall increase in walking
ability as best exempli®ed by the increase in MTS
shown in the majority of subjects (see Figures 2 and
5). The subjects who showed the greatest change were
those who, at entry to the study, could produce limited
movement of the lower limbs on the treadmill. It is to
this subpopulation of SCI persons that future research
regarding drug e�ects should be targeted.

Possible mechanisms of drug e�ects
There are several mechanisms by which the subjects may
have increased their walking abilities during the course
of the drug trial, including (1) stimulation of receptors in
the spinal cord by the drugs themselves, (2) plastic
changes in the central nervous system, and (3)
improvements in muscular and/or cardiovascular fit-
ness. In regard to the ®rst mechanism, it is clear from
studies of animals with spinal cord transections that all
three of clonidine, cyproheptadine and baclofen are able
to stimulate receptors within the spinal cord. When there
has been an incomplete transection, such as was the case
for subjects in this study, the drugs stimulate both pre-
synaptic and post-synaptic receptors. Some of the
heterogeneity of drug response may be attributable to
a di�erent distribution of injury of descending pathways
and consequently a di�erent degree of change in the
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sensitivity of di�erent pre-and post-synaptic receptors.
The heterogeneity of drug response may also be
explained by the di�erent roles of these drugs and their
associated transmitter systems in the generation and
modulation of locomotion and in the modulation of
re¯exes. All three of clonidine, cyproheptadine and
baclofen have been associated with reduced re¯ex
responses both in spinal animals33,50 ± 52 as well as in
SCI humans.53 ± 58 However, the three drugs modulate
locomotion di�erently, suggesting that the relationship
between modulation of re¯exes and modulation of
locomotion requires further investigation.

It is well-established that there are circuits in the
spinal cord of most vertebrates that are capable of
generating rhythmic patterns, including those of
locomotor patterns.59,60 However, the limited recov-
ery of locomotion in primates61 has been suggested as
evidence that the circuitry is di�erent in primates and
may preclude recovery of walking. More recently, it
has been suggested that some macaque monkeys may
recover locomotion after severe incomplete lesions of
the spinal cord62 and that ®ctive locomotion may be
induced in marmosets.63 Furthermore, there is
evidence that some elements of spinal rhythm-
generating circuits exist in humans.64 ± 67 For exam-
ple, Calancie and colleagues have reported a case of a
subject with severe incomplete spinal cord injury who
demonstrated sustained bilateral involuntary motor
patterns resembling a walking pattern 17 years post-
injury.66

In view of the evidence suggesting that there are
rhythmic-pattern-generating circuits in the human
spinal cord, it is important to investigate whether
drugs that modulate locomotion in spinal animals can
similarly modulate locomotion in SCI humans.
Clonidine has also been associated with initiation of
locomotion in spinal-cord-transected animals, as well
as with modulation of a locomotor pattern that has
been brought about by interactive training post-
transection.48 ± 50 The mechanisms whereby the cats'
locomotion was changed may also contribute to the
e�ects seen in the human SCI subjects. Cyprohepta-
dine has been associated with restitution of a rhythmic
locomotor pattern in previously trained spinal
animals, after the locomotor pattern has been
disrupted by application of serotonergic agonists or
precursors.33 By this rationale it may thus be e�ective
in improving walking in human SCI subjects but only
if their de®cits are at least partly related to
hypersensitivity or other changes in the serotonergic
receptors of the spinal cord. Denervation super-
sensitivity of serotonergic receptors has been demon-
strated in spinalized rats.68 The withdrawal of
cyproheptadine's blocking of serotonergic receptors
in such a case would presumably result in a return of
the walking de®cits if the underlying changes in the
serotonergic receptors remained unchanged. Unlike
the other two drugs, baclofen has not been linked to
improved locomotion in spinal animals, nor have any
other drugs that stimulate GABA receptors.

The second possible mechanism is that of plastic
changes in the central nervous system. The period of
spontaneous recovery following spinal cord injury is
believed to last approximately one year, and measure-
ments of neurological impairment show little change
after the ®rst year post-injury.18,19 However, the usual
clinical means of measuring muscle and sensory
functions are not sensitive to small changes, and in
addition, most of the literature pertains to clinically
complete injuries rather than the incomplete injuries
that a�ected the subjects in this study. Furthermore, a
lack of change in conventional clinical muscle or
sensory testing does not preclude ongoing plasticity in
the preserved pathways that coordinate movement.
There is substantial evidence of plastic changes in the
spinal cord, both of monosynaptic pathways such as
the stretch re¯ex69 ± 71 and the H-re¯ex72,73 and of
polysynaptic pathways such as in the di�ering abilities
in stance-trained versus stepping-trained spinal
cats.74,75 The importance of stepping or locomotor
training in the recovery of walking after spinal cord
injury or transection has been emphasized by several
research groups.74 ± 79 This has led to research by
numerous groups into the bene®ts of locomotor
training for SCI subjects.80 ± 84 It seems clear that the
recovery of walking may be enhanced by such training,
even in cases of relatively severe injury. For the
present study, the evaluations of walking were
conducted every 2 ± 3 weeks, as compared with
training protocols in which training is conducted
generally ®ve times per week, and thus we did not
expect a training e�ect. However, the improvement in
some subjects with no major drug e�ects, and the
®nding that most subjects could follow higher tread-
mill speeds by the end of the study suggest that
training e�ects may have contributed to the results.

The third area of possible mechanisms is that there
may have been improved muscular and/or cardiovas-
cular ®tness. Although the subjects were similar in age,
general health, type of injury (ie traumatic) and
duration since injury, their di�ering degrees of
disability from spinal cord injury resulted in inter-
subject variability in muscle strength and endurance
and in overall ®tness. For the subjects who could not
walk overground, the locomotor evaluations may have
constituted a relatively rare opportunity to exercise the
lower limb muscles and obtain an overall ®tness
bene®t, in contrast to the less disabled subjects who
walked overground to varying degrees. This di�erence
may have contributed to the ®nding that more
disabled subjects showed proportionally greater
change in walking ability.

Implications for future research
The ®rst principal implication for future research is
that the type of SCI subjects that seem most likely to
improve with drugs are those whose injuries have
resulted in severe but not total loss of lower limb
motor function: i.e. those who retained some ability to
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move their lower limbs but who have very limited or
no ability to walk overground. The inclusion of
subjects whose walking ability is already substantially
recovered yielded less interesting results. We may
speculate that their extent of spinal cord change, in
particular the distribution of damage to descending
pathways including monoaminergic pathways, was not
su�cient for the drugs to be bene®cial for walking in
those subjects.

The second principal implication is that experience
with evaluations of walking may constitute a form of
training, especially in some cases after drug e�ects
have increased the subjects' ability to take steps. In
light of this, as well as in light of ®ndings in spinal
animals, future research regarding drug e�ects on
walking should incorporate controlled training
protocols so as to compare appropriately the
potential e�ects of the drugs, and to maximize the
bene®t that may be conferred on people with spinal
cord injury.

The third principal implication is that clonidine,
cyproheptadine and baclofen, which are all able to
modulate re¯exes, have di�erent modulatory e�ects on
locomotion. The relationship between modulation of
re¯exes and modulation of locomotion will need
further exploration to determine which pharmacologi-
cal treatments are optimal and what factors determine
a bene®cial treatment response in people with
incomplete spinal cord injury.
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