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Study Design: Recent developments in the ®eld of rehabilitation and the increase in the
number of incomplete spinal cord injured subjects (SCI) emphasize the importance of studying
the walking behavior of that population.
Objectives: Attentional requirements were measured in spinal cord injured subjects during
sitting, standing and walking and compared to a healthy group for the same tasks and walking
at a similar speed.
Methods: Auditory stimuli and verbal responses were used to measure the attentional
demands in the three experimental tasks.
Results: For both static tasks, SCI subjects were faster than the normal group. During
walking at preferred speed, the normal group is signi®cantly faster than the SCI subjects are.
No di�erence was found between the two groups when the normal group walked at a similar
speed. However, SCI subjects need to allocate signi®cantly more attentional resource to
walking than the normal. SCI patients also showed slower reaction times when the stimuli
were presented during the single-support phase of walking. Kinematics analysis revealed that
SCI subjects produced longer cycle duration than the normal group even when they walked at
a match speed. Although variability in the cycle duration and the cycle length were
comparable between the two groups, when the normal group walked at a slower speed, they
were signi®cantly more variable than the SCI subjects.
Conclusion: Walking for SCI patients is cognitively challenging. Walking speed seems to be
an important factor associated with attentional demands.
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Introduction

Recent developments in the ®eld of rehabilitation using
medication, locomotor training with weight support,
locomotor training with functional electrical stimula-
tion and their combination (see Barbeau et al1,2 for a
review) have led to increasing locomotor capabilities of
patients who have sustained a spinal cord injury (SCI).
According to Burke et al3 39% of a sample of 262
discharged SCI patients were functional walkers, 37%
could not walk and 24% could walk but normally use
a wheelchair for daily activities. Thus emphasizing the
importance of studying walking, to help the develop-
ment of new approaches to rehabilitation.

Walking is a highly practiced activity, and has often
been considered as an automatic behavior. Animal
studies (cat) isolating the spinal cord from the brain,
revealed that it is possible to observe some walking

abilities without the presence of supraspinal mechan-
isms (see Rossignol et al4 for a review). Nevertheless,
walking should not be considered only as an automatic
task, but rather as a build up of di�erent control
levels. Forssberg5 and Grillner et al6 have identi®ed
three prerequisites that rehabilitation should work on
to help the recovery of locomotor abilities. These are:
(1) basic or stereotyped movement synergy to achieve
propulsion, (2) maintenance of equilibrium during
propulsive movement and (3), adaptation of locomo-
tor pattern to the behavioral goals of the person and
the constraints of the environment. In addition,
supraspinal mechanisms could be emphasized, such
as mechanisms responsible for the integration of
several types of sensory information (visual, vestibu-
lar and proprioceptive), and cognitive involvement
required to ®ne tune the movements and the selected
appropriate behaviors.

The involvement of the cognitive level in human
locomotion has recently been studied in normal and
pathological populations. Lajoie et al7 have shown that
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normal walking requires more attentional requirements
in normal subjects than sitting and standing. Lajoie et
al8 in a case study of a dea�erented patient have shown
that walking could be achieved without a�erent
information from the limbs. In this patient, only the
sensory level was a�ected while the motor level was
intact. The dea�erented patient needs to use substan-
tially more attention than normal to walk because he
must rely on an exocentric frame of reference and
external sources of feedback to determine his position
in space during the movement. Furthermore, they
showed that proprioception of the neck may play an
important role in reestablishing a referential guidance
platform around which the mobile limbs might securely
move. They noted that another patient deprived of
neck proprioception was not able to walk without a
stable assistive device such as parallel bars or walker.
Those studies emphasized that walking is not purely
automatic from a cognitive standpoint. Furthermore,
locomotion could still be achieved even when
proprioception is weakened but with the need of more
cognitive involvement.

In pathological walking in a spinal cord injured
patient (SCI), spasticity, clonus, weakness and postural
instability may result in a more complex walking
pattern and might require far more information
processing than a normal subject (see Barbeau et al9

for a review). Those constraints prevent ¯uid and
natural walking and patients must generate adaptations
that could a�ect the cognitive demands of the walking
task. Since the attentional capacity is limited, this
increase in cognitive demands might be su�cient to
decrease the patient's security where he could not be
able to correctly integrate stimuli from his environment.

In this study we evaluate the attentional requirement
of SCI patients during sitting and during walking in
order to measure the attentional involvement related to
walking in comparison to normal subjects. Further-
more, because it has been shown that speed plays a
major role in kinematic variables and equilibrium
constraints, attentional demands when walking at a
patient's match speed will also be evaluated.

Methods

Six subjects su�ering from incomplete spinal cord
injury and ten healthy young adults (mean age=25)

were studied (Table 1). All were clinically stable at the
time of testing, and all showed signs of hyperactive
stretch responses in the triceps surae muscle group.
Some were on medications such as baclofen and
cyproheptadine to reduce these responses. All patients
and normal subjects gave informed consent. The
ambulatory ability for the patients varied; two of
them walked with canes, three with Canadian crutches
and one without assistive device.

The subjects walked on a 6-m length of pathway
providing the recording of at least ®ve walking cycles.
The subject's shoes were instrumented with pressure
switches (Interlink Electronics, California) placed
under the heel and toes of each foot. These contacts
were digitally coded to provide accurate temporal
values corresponding to the onset and o�set of right
and left single-support and double-support phases.
The horizontal foot displacement of the two feet was
recorded via small mono®lament wires attached to the
rear of each shoe. Each wire was wrapped around a
plastic wheel (30-cm circumference) ®xed onto a gear-
box system having a 4.6 : 1 ratio. A ten turn high
precision potentiometer was mounted on the shaft of
the rotating axis and provided a voltage proportional
to the distance covered. The wires were maintained
stable with a constant resistance spring (0.66 N) ®xed
into the rotating mechanisms. This low resistance
served only to prevent the wires from shivering; it did
not a�ect the walking and was not perceived by the
subject. The system provided a resolution of 3 mm.

To evaluate the mental load required for locomo-
tion, the subjects walked at their preferred pace and
were asked to consider the walking task the primary
task. The secondary task was to respond as rapidly as
possible to an auditory stimulus (1 KHz, 50 ms
duration) with a vocal response (`top'). The subjects
wore a helmet equipped with a microphone. The
analog signal from the microphone was used to detect
the onset of the verbal response. Reaction times (RTs)
were evaluated by computing the temporal di�erence
between the presentation of the stimuli and the onset
on the verbal responses. Without going into the
speci®c details of cognitive resource models, when
the primary task (walking in the present experience) is
una�ected by the introduction of a probe reaction time
task (discrete secondary task, consisting of a simple
reaction time to a stimulus), an increased probe

Table 1 Demographic information on the patients

Code Age Sex Diagnosis
Time since

injury (years) Foot contact Ambulatory status

1
2
3
4
5
6

36
30
51
30
38
43

M
M
F
M
M
M

T T12-L1
T C5-C6
T C5-C6
T C6
T C6
T T2-T10

15
10
6
13

420
6

HC
TC
LHC, RTC
TC
TC
HC

Independent
2 Canadian crutches
2 Canes
2 Canadian crutches
2 Canadian crutches
1 Cane

TC=toe contact; HC=heel contact; LHC=left heel contact; RTC=right toe contact; T=thoracic
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reaction time re¯ects an increased attentional load.10,11

Signals from foot contacts and the microphone were
sampled at 500 Hz. Before starting the walking
condition, the subjects were familiarized with the
walking environment. After these trials, data were
collected for ®ve trials without the secondary task
(control condition). These trials served to establish the
walking pattern of the subjects. For the next 20 trials,
stimuli were randomly presented at the onset of the
single support condition (SS) of the second (four
trials) or third (four trials) walking cycle or at the
onset of the double support condition (DS) of the
second (four trials) or third (four trials) walking cycle.
Four catch trials (that is, without stimulus) served to
prevent any anticipation. In addition, the secondary
task was performed alone when the subjects were in a
seated position. For this static condition, ten stimuli
were given following one of ®ve randomly presented
preparatory periods: 3, 3.5, 4, 4.5, 5 s. The two
conditions (one static and one walking) were
randomly presented. For the young subjects, there
was an additional walking condition in which they had
to walk at a speed of about 0.5 m/s. The same number
of trials was used. Subjects were given 10 ± 20 trials of
practice with feedback on their speed and then the 25
trials. Trials where speed was not between 4.5 and
5.5 m/s were rejected and randomly redone.

Results

Attentional demands
The RTs were evaluated in patients and normal
subjects when sitting, standing and walking (stimuli
were presented at the onset of single-support or
double-support phase). The average reaction times
(RTs) are illustrated in Figure 1. For the ®rst
statistical analysis, only data from sitting, standing
and walking at preferred speed were considered. A
Group X Task ANOVA with repeated measure shows
a signi®cant main e�ect of Task (F(1,42)=38.0,
P50.01) and a signi®cant interaction Group X Task

(F(1,42)=8.0, P50.01). The decomposition of this
interaction into main e�ects using a Duncan post hoc
analysis reveal that normal subjects are slower than the
patients when sitting and standing (P50.01). These
results clearly showed that the patients were not
a�ected by their condition in both static tests.
However, the patients are signi®cantly slower to
answer stimuli than normal subjects when stimuli
were presented in the single-support phase (P50.01)
while no signi®cant di�erences were found in DS
although patients were slightly slower than normal
subjects (P40.05). SCI patients performed very well in
both static tasks (better than normals) but were
signi®cantly slower than normal at preferred speed
when walking specially during the single-support phase
tasks. When considering the di�erence in RTs during
walking it could be argued that patients have a
di�erent walking behavior with one major di�erence
being the speed of progression. In trying to understand
the implication of a slower speed in RTs, young
subjects were also evaluated during slow, almost
equivalent walking speed (0.5 m/s). The average RTs
are illustrated in Figure 1. For this analysis, only
walking conditions were considered and for the normal
group, only the slow speed condition was considered.
A Group X Task ANOVA with repeated measure
shows a signi®cant main e�ect of Task (F(1,14)=9.44,
P50.01) and a signi®cant interaction Group X Task
(F(1,14)=14.6, P50.01). The decomposition of this
interaction into the main e�ects using a Duncan post
hoc analysis reveal that the patients are faster to
answer stimuli when stimuli are presented in DS then
normal subjects (P50.001).

Even though patients compared well with normals
walking at slow speed in their RTs, it is possible
however to show that relatively, patients need more
attention than normals during walking. For the next
statistical analysis, a variable was computed with the
di�erence between sitting and walking reaction times
to remove individual di�erences and to illustrate the
real attentional cost of walking (Figure 2). For
normal subjects, the data from the slow speed are

Figure 1 Reaction times for the di�erent experimental conditions: sitting, standing and walking when stimuli were presented in
single-support (SS) and double-support (DS), preferred speed and 0.5m/s
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taken because we have already shown a signi®cant
di�erence at preferred speed. An ANOVA was
conducted on the transformed walking reaction
times. Results showed a signi®cant e�ect of Group
(F(1,11)=6.55, P50.05), a signi®cant e�ect of
Support (F(1,11)=7.79, P50.05) but no signi®cant
interaction. Even if it appears that walking at a
slower speed requires more attention in normal
subjects than when they walked at their preferred
speed, in relative, the patients always allocate more
attention to walking than the normal subjects do for
both speeds.

Kinematics of the gait
Figure 3 presents the average of the cycle length, cycle
duration, speed, and percentage of time spent in SS
(%SS) of the patients and the normal subjects when
they walked at their preferred speed. The four
independent variables were submitted to separate
Group X Condition ANOVAs. For all four variables,
the main e�ect of Group reveals signi®cant di�erence
between the two groups for amplitude, duration, speed,
and %SS (F(1,11)=17.49, 64.6, 170.6, 17.8, P50.01).
The main e�ects of Condition, (F(1,11)=0.027, 0.54,
1.12, P40.05 for length, speed and %SS respectively
were not signi®cant while duration was (F(1,11)=5.88,
P50.05). The interaction of Group X Condition,
(F(1,11)=0.76, 0.24, 0.38, P40.05 for length, speed
and %SS respectively were not signi®cant while
duration was (F(1,11)=6.35, P50.05).

The kinematic results revealed that the walking
behaviors of the young adults were not a�ected by the
stimuli but the patients were (signi®cant interaction for
duration). It could be argued that the patients
experienced some di�culties performing both tasks
(walking and answering the stimuli) together. Normal
subjects do not show any di�erence on the kinematic
variable when stimuli are presented or not. Patients
tend to increase their speed and decrease their cycle
duration when stimuli are presented showing that they
might partially lose control of their walking behavior.

In Figure 3, is also presented cycle length, cycle
duration, speed, and %SS of the normal subjects when
they walked at approximately 0.5 m/s. The four
independent variables were again submitted to
separate Group X Condition ANOVAs. A signi®cant
main e�ect of Group was found for the duration

Figure 2 Average transformed reaction times (individual
walking reaction times minus individual sitting reaction time)
during walking when stimuli were presented in single-support
(SS) or double-support (DS). For this picture, only the slower
speed (0.5m/s) was used for the normal group

Figure 3 Kinematics of: cycle length, speed, cycle duration and duration of the single-support phase (%SS) for the two speeds
for the normal group and for the SCI subjects
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variable (F(1,11)=6.88, P50.05) and for the %SS
variable (F(1,11)=7.91, P50.01). A signi®cant main
e�ect of Condition was also found for the cycle
duration variable (F(1,11)=5.4, P50.05). The inter-
action of Group X Condition, was found signi®cant
for the duration variable only (F(1,11)=6.3, P40.05).
The decomposition of the interaction reveals that
normal subjects did not modify their cycle duration
when stimuli were presented as patients did. Even
when walking at a similar speed, some kinematic
di�erences exist between the two groups. The variable
%SS and the cycle duration illustrate a major
di�erence in the walking pattern between the two
groups. Patients seem to spend more time in single-
support than normals when they walked at a similar
speed.

Mean intra-subject variability of two kinematic
variables (cycle length and cycle duration) for both
groups are presented in Figure 4. Results of
standard deviation for the cycle length and cycle
duration for the two groups (preferred speed for
normals) were subjected to a Group X Variable
ANOVA with repeated measure. Results show a
signi®cant main e�ect of Variable (F(1,14)=7.11,
P50.05). No signi®cant e�ect of group
(F(1,14)=0.24, P40.05) and no signi®cant interac-
tion (F(1,14)=0.62, P40.05) was found suggesting
that patients and normal subjects are signi®cantly
more variable in cycle duration than in cycle length.
Another similar ANOVA was performed, for data
when normal subjects were asked to walk at a
slower speed (Figure 4). Results show a signi®cant
e�ect of Group (F(1,14)=4.04, P50.05) and a
signi®cant e�ect of Variable (F(1,14)=33.1,
P50.001), and no interaction (F(1,14)=3.02,
P40.05). Again, subjects are more variable in
cycle duration than in cycle length. Furthermore,
normal subjects when they walked at a slower speed
are more variable than patients are.

Discussion

Results of RTs reveal that patients need to allocate
signi®cantly more of their attentional resources to
walking than normal subjects. Several arguments may
explain this di�erence. SCI patients have less control
on their action mainly because of postural instability,
lack of equilibrium, muscle weakness, sensory lost
and spasticity. To counterbalance those problems,
they must closely monitor their movements and
evaluate the impact of those in the environment.
This evaluation requires more attentional resources
given to sensory integration (visual, vestibular and
proprioceptive). Unfortunately, the protocol used in
this experiment could not determine if patients have
reached the limit of their attentional resources when
walking but nevertheless, a substantial amount of
attention (more than the young adults tested) is
required. When compared to normal subjects at the
same walking speed (approximately 0.5 m/s), patients
compare well in terms of reaction times. However,
when we look at the relative cognitive involvement, it
can be shown that, again, patients need more
attentional resources for walking. For both speeds,
normals show no di�erence whether the stimulus is
presented in SS or in DS. However, patients showed
a signi®cant di�erence between the two support
phases. Patients are more a�ected than normals
when stimuli are presented during the single-support
phase when compared to when presented in double-
support phase. This result indicates that the single-
support phase is more attention demanding than the
double-support phase. Kinematics variables may
partially explain this di�erence. When walking at
preferred speed, young adults showed several differ-
ences: longer cycle length, higher speed, shorter cycle
duration and higher cadence. Even when walking at
similar speed, young adults produce shorter cycle
duration and spend less time in single-support phase

Figure 4 Variability of the two groups at preferred speed and for the normal group at 0.5m/s, for the cycle amplitude and
cycle duration
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in comparison with the patients illustrating that the
di�erence between the two groups is not only speed,
but also walking behavior. This could illustrate that
the SS phase for patients is more di�cult to produce
and certainly not completely ballistic as suggested by
Cappozzo et al;12 Mochon and McMahon.13 For
patients, SS could also be interpreted as a pseudo DS
because of the use of a walking device. They are
rarely in SS if the number of ground contact is taken
into account. Several patients take more time to
initiate their SS having sometime to lean forward to
permit the toes to swing forward.

Patients also showed some de®cit in the realization
of a ¯uid walking behavior when compared to
normals. Furthermore, even when initiated, the swing
phase in the patients is often characterized by some
unwanted contacts with the ground which add to the
encountered di�culties. Patients also presented some
equilibrium di�culties in the DS phase and do not
want to spend a long period of time in this position.
SCI subjects when walking will produce several
discreet walking cycles, not as continuous as a normal
adult would do. Between cycles, the reorganization of
the walking devices is made and equilibrium is reached
before the initiation of the subsequent cycle. Patient's
walking is saccadic rather than continuously per-
formed.

Finally, when variability is considered both groups
when walking at preferred speed showed similar intra-
subject variability. Both groups have been walking at
their preferred speed and seem reasonably constant in
their `normal' walking behavior, and even patients
seem to adopt a relatively constant walking behavior
according to their condition (Figure 3). Di�erence in
RTs can not be attributed only to di�culty to produce
walking behavior (very low variability) but also to
equilibrium demands resulting mostly from slower
speed. Normal subjects are signi®cantly more variable
than patient when they walked at a slower speed
showing that walking at a speed di�erent from the
preferred one leads to an important increase of
variability. Furthermore, it can be argued that slower
speed increase equilibrium demands which can be seen
in RTs results.

SCI subjects have some walking capability. How-
ever, this capability is greatly a�ected by weakness,
spasticity, and lack of postural control and equili-
brium reducing the automaticity of the walking
behavior. Walking for SCI subjects requires more
cognitive involvement than for normal subjects. The
complexity of the walking behavior for SCI patients
using walking aids might be another factor related to

slower reaction times (further study on how walking
aids a�ect RTs should be made). However, increase in
attentional demands could not be attributed to the use
of walking aids only because those patients without
the use of such aids would have precarious equilibrium
that would require more attentional resources.
Measuring the cognitive involvement during walking
in SCI patients could lead to measure to what extent
walking is automatic and even what type of walking
aids a patient should adopt.
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