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This study was conducted to investigate the change in the with the use of FES-assisted walking have been reported for
kinematics and physiological cost of walking that occurs  SCI-IMFL for electrically activated common peroneal (1, 9) and
during training with functional electrical stimulation (FES)- tibial nerves (2). Stein and collaborators reported an improve-
assisted walking in persons with incomplete injuries. The ment of 0.08 m/second when using FES-assisted walking
main effect of FES-assisted walking was to change hip independently from their control walking speed (9). This
excursion and ankle dorsiflexion during swing and at foot  improvement was not linked to changes in either stride length
contact, whereas training with FES-assisted walking or frequency. Another study measuring the therapeutic effect of
changed the spatio-temporal parameters of walking (walk- FES-assisted walking by SCI-IMFL showed no difference in
ing speed, cycle length and frequency as well as time in walking speed or stride frequency but an increased stride length
stance). The use of FES-assisted walking does not change the (5). This study also reported that three out of six participants
walking speed achieved during a 5-minute trial nor the increased their walking speed (5). This increase in walking
physiological cost of walking but when combined with  speed could be explained by changes in stride length, stride
walking training, eight of the nine participants improved frequency, or a combination of both factors (5). With the
either their physiological cost index or their walking speed.  exception of one study using tibial nerve stimulation (2), joint
It is concluded that FES-assisted walking changes the joint angular kinematics was reported only as examples (9). No
angular kinematic pattern of walking, but training is studies have reported kinematic changes occurring with the use
necessary to integrate these changes into functional gains.  of FES-assisted walking or have evaluated the changes during a

Key words:rehabilitation, electric stimulation therapy, long-term walking programme using FES-assisted walking.
paraplegia, gait, locomotion, kinematics. Another factor in the evaluation of the functional and reha-
Scand J Rehab Med 2000: 32: 72—79 bilitation benefits of using FES-assisted walking is the energy
requirement necessary for ambulation. Although wheelchair
Correspondence address: Hugues Barbeau, PT, PhD, propulsion approximates the energy requirement of normal
School of Physical Occupational Therapy, McGill walking (3), the energy cost of walking by SCI-IMFL is higher
University, 3630 Drummond, Morigg Canada, H3G 1Y5 a1 for speed-matched walking by able-bodied participants (9).
(Accepted September 17, 1999) When using FES-assisted walking, SCI-IMFL does not reduce

participants’ oxygen consumption (9), although a reduction in

the physiological cost index (8) has been shown after 12 weeks
INTRODUCTION of training (5).

Increases in functional mobility for 12 out of 14 persons with ~ The purpose of this study is twofold. First, changes in the

spinal cord-injuries with incomplete motor function loss (SCI- kinematics of the lower limb are examined when the participant

IMFL) were shown in a previous study involving long-term use is using FES-assisted walking over a long period of training.

of functional electrical stimulation (FES)-assisted walking (6). Second, the purpose of this study is to report the changes in

This increase was partly due to a change in the type of ambuwalking speed and the physiological cost of walking during a 5-

latory assistive devices as well as time-dependent increase in tHginute walk when the participant is using FES-assisted walking

maximal overground walking speed whether the participant waver a long period of training.

using FES-assisted walking or not. The increase in walking

speed with FES-assisted walking was negatively correlated with

initial wglking speed, and .no differepce was found between METHODS

FES-assisted and non-assisted walking. Furthermore, changes

were not instantaneous but were dependent on the time of start §urteen SCI-IMFL persons participated in this study. All participants
. . were also involved in a study of the changes in maximal overground
FES-assisted walking. walking speed with the use of FES-assisted walking (6). Relevant

Changes in walking speed, stride length and stride frequencgharacteristics of the participants can be found in Table I.
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Tablel. Characteristicsof the participants(n

Participants
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Kinematics

Thekinematicpatternsn the sagittalplaneandtemporalvariableswvere
reconstructedrom videorecordingsof the mostaffectedside. The data
were digitized and reconstruted using a Peak PerformanceAnalysis
system.Markerswere placedon the lateral side of the 5th metatarsal
heel,lateralmalleolus kneejoint axis, greatertrocanterandacromion
The participantswereaskedto walk at their comfortabé walking speed
on a5-mwalkway. The videorecordirgs weredigitized andjoint angle
time-course were calculated The measurmentsfollowed the Interna-
tional Societyof Biomechanisconvention(11). The stridedurationand
stride length were extractedfor each cycle from the heel marker
trajectory Hip, kneeandankleexcursionsveremeasuredrom thepeak-
to-peakvaluesfor eachcycle from the joint angularexcursionsAnkle
anglesatfoot contactandduringmid-swingwerealsoextractedor each
cyclefrom theanklejoint angularexcursion.Theresultswerecompare
using an analysisof variancefor each parameter(repeatedmeasure
2 x 2; stimulation x time; Systat,V5.0).
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o0 0o o ces Physiologi@l costof walking

The physiologicalcostof walking, wasmeasurd with the physiologcal

costindex.Theindexwasestablishedby dividing thedifferencebetween
the heartrate during walking andduring sitting with the walking speed
measuredn metresper minute. The result of this calculationis the
physiolodcal cost of walking in heart beatsper metre walked. The
recordingswere madeby askingthe participantsto sit for a periodof 5

minutes to standfor a periodof 3 minutesandthento walk for a period
of at least5 minuteson a 15-m walkway. After the completionof the
walking period,the participantsvereaskedto sit againandto restuntil

their heartratewasbackto the restingvaluefound duringsitting. Once
the heartratereachedhis level, the procedurevasrepeatedThe useof

FES-assigtd walking wasrandomizedWhen possible the participants
were askedto repeatthe procedureswith the different ambulatory
assistivedevicesthey were able to use.Heart rate was recordedby a
PolarVantageXL heartratemonitor (PolarElectroQOy, Finland;see(7)

for validity andstability). Thevaluesfor sitting heartrate,walking heart
rate,andwalking speedrepresenthe averageof the last 30 secondf

recordingsfor the appropriatecondition. Walking speedvascalculated
from times recordedby a manualstopwatchat eachend of the 15-m
walkway. A pairedt-testwasusedto assesshe effect of FES-assigtd
walking on walking speedandphysiologicalcostof walking measurs.
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Kinematics
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stimulaton of the tibial nerve.

Spatio-temporalparameters.We analysedthe spatio-tem-
poral changesy using FES-assistetvalking in 10 participants
(Table ). The remainingfour participantswere not analysed
becausethe initial datawith the use of FES-assistedvalking
werenot collectedor someof the participantsstoppedisingthis
technique before a final kinematic evaluation could be
performed.

Fig. 1 showsexamplesof the changesn the spatio-temporal
parameterdound with a programmeof FES-assistedvalking
(Figs. 1A-1C; one stride in eachcondition). A comparisonof
Figs.1A and1B showstheincreasedtridelength(0.61and1.22
m) andreducedstridetime (4.4 and 3.9 seconds}hat occurred
with long-termuse (43 weeks)of FES-assistedvalking even
thoughthe stimulatorwasturnedoff both times. The example
alsoshowsthatusingFES-assistedalkinghasaminor effecton
stridelength(1.22to 1.28m) andstridetime (3.9to 3.2seconds
for this example althoughthe averagen both conditionsis 3.6
secondswhenthe comparisoris madefor the sameday (Figs.
1C versuslB).

As shownin Fig. 2, trainingwith FES-assisted/alking during
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Fig. 1. Example of the
changesin the kinematics
with FES-assistedwalking.
PanelsA-C show the stick
figure (every 0.5 seconds)
and trajectoriesof retro-re-
flective markers (see Meth-
ods)whenSM walkswithout
FESatthebeginningof FES-
assistedvalking (A), without
FES but after 43 weeks of
FES-assisted walking (B)

and with the FES-assisted

walking at the sameevalua-
tion sessionC). PanelsD-F
show the angular excursion
of the hip (D), knee(E) and
ankle (F) of the affected
lower limb in these trials.
Calibration bars for panels
A-C represent0.5 m. The
hip, knee and ankle angular
excursions (D-F) without
FES-assistedvalking at on-
setof training, without FES-
assisted walking after 43
weeksof training, and with
FES-assistedwalking after
43 weeks of training are
representedby thin, dotted
andthick lines, respectively.

thefirst yearincreasedvalking speedoy 0.10m/secondTable
Il andFig. 2A). Thisimprovementn walking speedesultsfrom
an averageincreaseof 0.12m in stride length and 0.04Hz in
stride frequency(Table Il and Figs. 2B and 2C, respectively).
The increasein stride frequencyis dueto a decreasedtance
time of 0.22 secondswith only minor changesin the swing
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duration (Table Il and Fig. 2D). Surprisingly, FES-assisted
walking had only minor effectson any of the spatio-temporal
parametersnvestigatedn this study(Tablell).

Longitudinal changesin the spatio-temporaparametersof
one representativearticipantare shownin Fig. 3 (SM; Figs.
3E—F).It canbe seenin this figure that changesn the spatio-
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Fig. 2. Changesn the spatio-
temporal parameters with
FES-assistedalking. Panels
A-D show the significant
changes occurring during
the first year for walking
speed(A), stride length (B),
stride frequency (C), and
time in stancg(D). Examples
of longitudinal changesin
the walking speed(E), stride
length (F), stride frequency
(G), andtime in stance(H)
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for one participant(SM) are
also presentedPanelsB, C,

F andG showthatbothstride
length and frequency are
changed when there is a
modification of the walking

speedPanelsC, D, G andH

showthat modificationin the
cycle time is related to

modification of the stance
time. Significant differences
in the meansare indicated
with an asteriskwhereashe
non-assisted and FES-as

Initial 1 year

Time

temporalparametergarenotinstantaneoubut aredependenbn
durationof the FES-assistewvalking programme.

Joint angular parameters

Jointangulameasurementsereextractedor eightparticipants
(Tablel) but hip angularexcursionwasthe only measurement
extractedfor oneparticipant(LS). Figurel illustratesexamples
of thechange®ccurringwith theuseof FES-assistedalking as

50

sisted walking conditions
arerepresentedespectively,
by openandfilled circles.

10 20 30 40
Time {weeks)

well as changesoccurringwith the training programme(Figs.
1D—F). One stride is shown for each condition. Hip angular
excursionincreasesvith FES-assistedialking butchangesnly
minimally with time (Fig. 1D). Figure 1E showsthe time-
normalizedangularjoint excursionof the knee.It canbe seen
that the angularexcursiondoesnot changewith and without
FES-assistedvalking nor with time. However, the angular
patternis modified with FES-assisteavalking, the kneebeing
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Tablell. Statisticalresultsof selectecoutcomevariables

Initial- <1 year No.—with FES
Result p-value Result p-value
Spatio-temporaVariables
Walklng Speed F(l,g): 11.90 0.007 F(l,Q): 0.00 0.991
Stridelength Fa,0=4.43 0.065 Fa,9=0.12 0.737
Stridefrequency F,0)=13.26 0.005 F(1,9)=0.40 0.541
Stanceduration F(l,g): 9.43 0.013 F(l,g): 0.24 0.235
Swing duration Fa,0=2.82 0.127 Fa,9=3.22 0.106
Jointangularparameters
Hip angularexcursion Fa,6=1.68 0.231 Fa,7=6.65 0.033
Kneeanguar excursion Fa,7=0.26 0.625 Fa,7=0.73 0.421
Ankle angularexcursion Fa,7)=0.02 0.883 Fa,7=0.94 0.364
Ankle angleat foot contact Fa,7=2.08 0.193 Fa7)=8.54 0.022
Ankle dorsiflexionangleduring swing Fa7=0.31 0.597 Fa,7=19.37 0.003
Energycost
Walking speed t11)=0.63 0.543
PCI ta)=1.18 0.264

F =resultsfrom an ANOVA,; t = resultsfrom Student'st-test; p = probability of type | errors.

moreflexedin the early stancephaseandmore extendedn the
later stancephase(from 0 to 30% and 50 to 80% of the
normalizedcycle time, respectively).Figure 1F representshe
time-normalizedangularexcursionof the ankle. Although the
ankleangularexcursiorduringthestridedoesnotchangeamong
the threeconditions,therewas an increasedankle dorsiflexion
angleduringthe swingphaseof gaitwhenFES-assistedialking
wasused Theuseof FES-assistedialkingincreasedhip angular
excursiorby 3.2° (Tablell andFig. 3A). In addition,it increased
ankle dorsiflexion during the swing phase by 10.9 and
decreasednkle plantar/flexionat foot contactby 5.6° (Table
Il and Figs. 3B—-C). In contrast,the knee and ankle angular
excursionglid notchange(Tablell). Thereweresmallchanges
in the joint angularparameterswith the duration of the FES-
assistedvalking training programme(Tablell).

Longitudinalchangesn selectedoint angularparametersf
one representativgarticipantare shownin Fig. 3 (SM; Figs.
3D-F).Unlike the longitudinal changeseportedfor the spatio-
temporalparametersn Fig. 2, thereis no clearincreasein the
joint angular parametersassociatedwith the duration of the
FES-assiste@valking training programmeHoweverin mostof
the evaluationstherewas a greaterhip angleexcursion,ankle
angleat foot contact,andankle dorsiflexionduring swing with
FES-assistedwvalking comparedwith the control condition
(Figs. 3D-F, respectively).

Physiologicalcostof walking

The effect of FES-assistedvalking on the physiological cost
index and walking speed during the 5-minute walk was
examinedn 12 participantavho hadbeenusingthe programme
for atleastthreemonths(Tablel). Becauseénitial measurement
of the physiological cost of walking, as measuredby the
physiologicalcostindex, wasnot acquiredat the onsetof FES-
assistedvalking for four participantsthe effect of time wasnot
investigated An exampleof the datarecordedby the heartrate
monitor can be found in Fig. 4A. The heartrate increasedor
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participantRP from about110 beatsper minute when he was
sitting to about 160 beatsper minute when he was walking.
Although, the changesn the heartrate remainedconstanthis
walking speeddoubledwith the use of FES-assistedvalking,
which diminishedthe physiologicalcostof walking by a factor
of two. As seenin Fig. 4B, FES-assistewvalking did not have
any effect on eitherthe physiologicalcostindex or the walking
speedduring the 5-minutewalk (Tablell). Changesn walking
speedduringthe 5-minutewalk with FES-assistedalkingwere
correlated to the walking speedin the control condition
(r=-0.571; p=0.052) but not the physiological cost index
(r=0.419;p=0.175).

This study showsthat the useof FES-assisteavalking does
not changethe walking speedor the physiological cost of
walking. To evaluatethe effect of training with FES-assisted
walking on the physiological cost of walking we studied 9
participantdongitudinally from onsetof FES-assistedvalking.
When combined with time, we see five different types of
responsesin three participantsthe physiological cost index
remainedconstantand the walking speedincreased,n three
participantsthe physiological cost index decreasedand the
walking speed remained constant, in one participant the
physiological cost index decreasedand the walking speed
increased(DT; Fig. 4C), in one participantthe physiological
costindex andwalking speedncreasedandin one participant
the physiological cost index increasedand the walking speed
remainedconstantTheseresultsshowa positiveeffectfor 8 out
of the 9 participantswvho wereevaluatedor a durationof more
then3 months.

DISCUSSION

The aim of this study was to characterizehe magnitudeand
time-courseof changesin kinematic and physiological cost
parametersf walking FES-assistedalking for SCI-IMFL. The
mainresultsarethat spatio-temporaparametersf walking are
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similar with andwithout FES-assistedalking butimprovewith
the duration of the FES-assistedraining programmeand that
both stride length and frequencyare factorsin the increased
walking speedvith time. In contrastjoint angulamparametersf
walking changewith theuseof FES-assistedalking butchange
minimally with the duration of the FES-assistedwalking
training programme.There was no differencein the physio-
logical costof walking nor walking speedwhenthe participant
used FES-assistedavalking. However, the majority of partici-
pants that were followed longitudinally show some positive
effects.

Theminordifferencesbservedn thewalking speedwvith and
without FES-assistedalking during the kinematicandphysio-
logical costof walking evaluationsare similar to resultsfound
for maximal overgroundwalking speedreportedin a previous
study (6). However, this is the first study showing that the
increasdn walking speeds relatedto anincreasen bothstride
length and stride frequency and that changesin the stride

Time (weeks)

sented by open and filled
circles, respectively.

frequency are related to changesin the duration of stance.
Previousstudiesshowedthat the use of FES-assisteavalking
could be relatedto changesn both stride frequencyand stride
length (4,5), but trendscould not be extractedbecauseof the
limited numberof participants.This studyis the first to report
changesn joint angularmparametersvith useof aperoneaherve
stimulatorfor SCI-IMFL. In this study,therewasno difference
in the physiological cost of walking during FES-assisted
walking. This is similar to resultsfound by an earlier study
using oxygen consumption(9). In addition, changesin the
physiological cost of walking when the participantswere not
using FES-assisteavalking havebeenreportedpreviously(5).
This studyshowedthat thesechangeswvere progressive.

It is surprisingto note that the changesin walking speed
reportedfor the kinematic evaluationduring the first year of
FES-assisteavalking are abouthalf that reportedfor maximal
overgroundvalking speed0.10m/secondn comparisorio 0.25
m/second)Sincetherewasnointeractionfactorbetweertheuse
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Fig. 4. Physiologicalcost of
FES-assistedvalking. Panel
A showsan exampleof the
raw data used to calculate
the PCI. PanelB showsthe
mean and standard devia-
tions of the walking speed
(clearbarandleft axis)in the
therapeutic (no FES) and
combined conditions (with
FES) as well asfor the PCI
(filled bar and right axis).
Panel C presentsas an ex-
ample of the longitudinal
changesn the physiological
cost of FES-assistedwalk-
ing, the only participant
(DT) who had a decreasén
PCI combined with an in-
creasedwalking speed.Sig-
nificant differences in the
meansare representedwith
an asterisk.The non-assisted
and FES-assisted walking
conditions are represented
by openand filled symbols,
respectively, whereaswalk-
ing speedis representedy
circlesand PCI by squares.
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of FES-assistedwalking and duration of the FES-assisted
walking trainingprogrammetheimprovemenin walking speed
is entirely dueto the therapeuticeffect of the training program.
This resulthasalso beenshowedin a previousreport (6). As
discussedin this study, the improvement occurs because
changescan occur at many sites within the nervous and
muscularsystems.

Becausef the heterogeneityf our sample theresultsof this
studyhavemanyfunctionalimplicationsthat canberelevantto
thewholespectrunof SCI-IMFL. Forexamplethis studyshows
thatFES-assistedalking canbe usedasa rehabilitationdevice
that would enhancethe recoveryof walking. Furthermorethe
resultsof this studyshowthateventhoughthe participantsvere
classifiedas chronic SCI-IMFL patients,it is still possibleto
improvetheir walking behaviourwhenanappropriatereatment
modality is used.
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