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Motor Interaction (SMI), Department of Medical Informatics and Image Analysis, Institute of Electronic Systems, Aalborg

University, Aalborg, Denmark

This study was conducted to investigate the change in the
kinematics and physiological cost of walking that occurs
during training with functional electrical stimulation (FES)-
assisted walking in persons with incomplete injuries. The
main effect of FES-assisted walking was to change hip
excursion and ankle dorsiflexion during swing and at foot
contact, whereas training with FES-assisted walking
changed the spatio-temporal parameters of walking (walk-
ing speed, cycle length and frequency as well as time in
stance). The use of FES-assisted walking does not change the
walking speed achieved during a 5-minute trial nor the
physiological cost of walking but when combined with
walking training, eight of the nine participants improved
either their physiological cost index or their walking speed.
It is concluded that FES-assisted walking changes the joint
angular kinematic pattern of walking, but training is
necessary to integrate these changes into functional gains.
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INTRODUCTION

Increases in functional mobility for 12 out of 14 persons with
spinal cord-injuries with incomplete motor function loss (SCI-
IMFL) were shown in a previous study involving long-term use
of functional electrical stimulation (FES)-assisted walking (6).
This increase was partly due to a change in the type of ambu-
latory assistive devices as well as time-dependent increase in the
maximal overground walking speed whether the participant was
using FES-assisted walking or not. The increase in walking
speed with FES-assisted walking was negatively correlated with
initial walking speed, and no difference was found between
FES-assisted and non-assisted walking. Furthermore, changes
were not instantaneous but were dependent on the time of start of
FES-assisted walking.

Changes in walking speed, stride length and stride frequency

with the use of FES-assisted walking have been reported for
SCI-IMFL for electrically activated common peroneal (1, 9) and
tibial nerves (2). Stein and collaborators reported an improve-
ment of 0.08 m/second when using FES-assisted walking
independently from their control walking speed (9). This
improvement was not linked to changes in either stride length
or frequency. Another study measuring the therapeutic effect of
FES-assisted walking by SCI-IMFL showed no difference in
walking speed or stride frequency but an increased stride length
(5). This study also reported that three out of six participants
increased their walking speed (5). This increase in walking
speed could be explained by changes in stride length, stride
frequency, or a combination of both factors (5). With the
exception of one study using tibial nerve stimulation (2), joint
angular kinematics was reported only as examples (9). No
studies have reported kinematic changes occurring with the use
of FES-assisted walking or have evaluated the changes during a
long-term walking programme using FES-assisted walking.

Another factor in the evaluation of the functional and reha-
bilitation benefits of using FES-assisted walking is the energy
requirement necessary for ambulation. Although wheelchair
propulsion approximates the energy requirement of normal
walking (3), the energy cost of walking by SCI-IMFL is higher
than for speed-matched walking by able-bodied participants (9).
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
of training (5).

The purpose of this study is twofold. First, changes in the
kinematics of the lower limb are examined when the participant
is using FES-assisted walking over a long period of training.
Second, the purpose of this study is to report the changes in
walking speed and the physiological cost of walking during a 5-
minute walk when the participant is using FES-assisted walking
over a long period of training.

METHODS

Fourteen SCI-IMFL persons participated in this study. All participants
were also involved in a study of the changes in maximal overground
walking speed with the use of FES-assisted walking (6). Relevant
characteristics of the participants can be found in Table I.
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Kinematics

Thekinematicpatternsin thesagittalplaneandtemporalvariableswere
reconstructedfrom videorecordingsof themostaffectedside.Thedata
were digitized and reconstructed using a PeakPerformanceAnalysis
system.Markerswereplacedon the lateral sideof the 5th metatarsal,
heel,lateralmalleolus, kneejoint axis,greatertrocanterandacromion.
Theparticipantswereaskedto walk at their comfortable walking speed
on a 5-m walkway.Thevideorecordingsweredigitizedandjoint angle
time-courses werecalculated. The measurementsfollowed the Interna-
tionalSocietyof Biomechanicsconvention(11).Thestridedurationand
stride length were extracted for each cycle from the heel marker
trajectory.Hip, kneeandankleexcursionsweremeasuredfrom thepeak-
to-peakvaluesfor eachcycle from the joint angularexcursions.Ankle
anglesat foot contactandduringmid-swingwerealsoextractedfor each
cyclefrom theanklejoint angularexcursion.Theresultswerecompared
using an analysisof variancefor each parameter(repeatedmeasure
2� 2; stimulation� time; Systat,V5.0).

Physiological costof walking

Thephysiologicalcostof walking,wasmeasured with thephysiological
costindex.Theindexwasestablishedby dividing thedifferencebetween
theheartrateduringwalking andduringsitting with thewalking speed
measuredin metresper minute. The result of this calculation is the
physiological cost of walking in heart beatsper metre walked. The
recordingsweremadeby askingtheparticipantsto 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,theparticipantswereaskedto sit againandto restuntil
their heartratewasbackto therestingvaluefoundduringsitting. Once
theheartratereachedthis level, theprocedurewasrepeated.Theuseof
FES-assisted walking wasrandomized.Whenpossible,the participants
were asked to repeat the procedureswith the different ambulatory
assistivedevicesthey were able to use.Heart rate was recordedby a
PolarVantageXL heartratemonitor(PolarElectroOy, Finland;see(7)
for validity andstability).Thevaluesfor sittingheartrate,walkingheart
rate,andwalking speedrepresentthe averageof the last 30 secondsof
recordingsfor theappropriatecondition.Walking speedwascalculated
from times recordedby a manualstopwatchat eachend of the 15-m
walkway.A pairedt-testwasusedto assessthe effect of FES-assisted
walking on walking speedandphysiologicalcostof walking measures.

RESULTS

Kinematics

Spatio-temporalparameters.We analysedthe spatio-tem-
poral changesby usingFES-assistedwalking in 10 participants
(Table I). The remainingfour participantswere not analysed
becausethe initial data with the useof FES-assistedwalking
werenotcollectedor someof theparticipantsstoppedusingthis
technique before a final kinematic evaluation could be
performed.

Fig. 1 showsexamplesof the changesin the spatio-temporal
parametersfound with a programmeof FES-assistedwalking
(Figs. 1A–1C; one stride in eachcondition).A comparisonof
Figs.1A and1B showstheincreasedstridelength(0.61and1.22
m) andreducedstridetime (4.4 and3.9 seconds)that occurred
with long-term use (43 weeks)of FES-assistedwalking even
thoughthe stimulatorwas turnedoff both times.The example
alsoshowsthatusingFES-assistedwalkinghasaminoreffecton
stridelength(1.22to 1.28m) andstridetime (3.9to 3.2seconds
for this example,althoughtheaveragein bothconditionsis 3.6
seconds)whenthe comparisonis madefor the sameday (Figs.
1C versus1B).

As shownin Fig.2, trainingwith FES-assistedwalkingduringT
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thefirst yearincreasedwalking speedby 0.10m/second(Table
II andFig.2A). This improvementin walkingspeedresultsfrom
an averageincreaseof 0.12 m in stride length and 0.04Hz in
stride frequency(Table II and Figs. 2B and 2C, respectively).
The increasein stride frequencyis due to a decreasedstance
time of 0.22 secondswith only minor changesin the swing

duration (Table II and Fig. 2D). Surprisingly, FES-assisted
walking had only minor effectson any of the spatio-temporal
parametersinvestigatedin this study(TableII).

Longitudinal changesin the spatio-temporalparametersof
one representativeparticipantare shownin Fig. 3 (SM; Figs.
3E–F).It canbe seenin this figure that changesin the spatio-

Fig. 1. Example of the
changes in 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
FESat thebeginningof FES-
assistedwalking (A), without
FES but after 43 weeks of
FES-assisted walking (B)
and with the FES-assisted
walking at the sameevalua-
tion session(C). 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-assistedwalking 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.
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temporalparametersarenot instantaneousbut aredependenton
durationof the FES-assistedwalking programme.

Joint angular parameters

Jointangularmeasurementswereextractedfor eightparticipants
(Table I) but hip angularexcursionwasthe only measurement
extractedfor oneparticipant(LS). Figure1 illustratesexamples
of thechangesoccurringwith theuseof FES-assistedwalkingas

well as changesoccurringwith the training programme(Figs.
1D–F). One stride is shown for eachcondition. Hip angular
excursionincreaseswith FES-assistedwalkingbutchangesonly
minimally with time (Fig. 1D). Figure 1E shows the time-
normalizedangularjoint excursionof the knee.It canbe seen
that the angularexcursiondoesnot changewith and without
FES-assistedwalking nor with time. However, the angular
patternis modified with FES-assistedwalking, the kneebeing

Fig. 2. Changesin thespatio-
temporal parameters with
FES-assistedwalking.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 stance(D). Examples
of longitudinal changes in
the walking speed(E), stride
length (F), stride frequency
(G), and time in stance(H)
for one participant(SM) are
also presented.PanelsB, C,
F andG showthatbothstride
length and frequency are
changed when there is a
modification of the walking
speed.PanelsC, D, G andH
showthatmodificationin the
cycle time is related to
modification of the stance
time. Significant differences
in the meansare indicated
with an asterisk,whereasthe
non-assisted and FES-as-
sisted walking conditions
arerepresented,respectively,
by openandfilled circles.
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moreflexedin theearlystancephaseandmoreextendedin the
later stancephase(from 0 to 30% and 50 to 80% of the
normalizedcycle time, respectively).Figure 1F representsthe
time-normalizedangularexcursionof the ankle.Although the
ankleangularexcursionduringthestridedoesnotchangeamong
the threeconditions,therewasan increasedankledorsiflexion
angleduringtheswingphaseof gaitwhenFES-assistedwalking
wasused.Theuseof FES-assistedwalkingincreasedhip angular
excursionby 3.2° (TableII andFig.3A). In addition,it increased
ankle dorsiflexion during the swing phase by 10.9° and
decreasedankle plantar/flexionat foot contactby 5.6° (Table
II and Figs. 3B–C). In contrast,the knee and ankle angular
excursionsdid not change(TableII). Thereweresmallchanges
in the joint angularparameterswith the durationof the FES-
assistedwalking training programme(TableII).

Longitudinalchangesin selectedjoint angularparametersof
one representativeparticipantare shownin Fig. 3 (SM; Figs.
3D–F).Unlike the longitudinalchangesreportedfor thespatio-
temporalparametersin Fig. 2, thereis no clear increasein the
joint angular parametersassociatedwith the duration of the
FES-assistedwalking training programme.Howeverin mostof
the evaluationstherewasa greaterhip angleexcursion,ankle
angleat foot contact,andankledorsiflexionduring swingwith
FES-assistedwalking comparedwith the control condition
(Figs.3D–F,respectively).

Physiologicalcostof walking

The effect of FES-assistedwalking on the physiologicalcost
index and walking speed during the 5-minute walk was
examinedin 12participantswhohadbeenusingtheprogramme
for at leastthreemonths(TableI). Becauseinitial measurement
of the physiological cost of walking, as measuredby the
physiologicalcostindex,wasnot acquiredat theonsetof FES-
assistedwalking for four participantstheeffectof time wasnot
investigated.An exampleof thedatarecordedby theheartrate
monitor can be found in Fig. 4A. The heartrate increasedfor

participantRP from about110 beatsper minute when he was
sitting to about 160 beatsper minute when he was walking.
Although, the changesin the heartrate remainedconstant,his
walking speeddoubledwith the useof FES-assistedwalking,
which diminishedthephysiologicalcostof walking by a factor
of two. As seenin Fig. 4B, FES-assistedwalking did not have
anyeffecton eitherthephysiologicalcostindexor thewalking
speedduring the5-minutewalk (TableII). Changesin walking
speedduringthe5-minutewalk with FES-assistedwalkingwere
correlated to the walking speed in the control condition
(r =ÿ0.571; p = 0.052) but not the physiological cost index
(r = 0.419;p = 0.175).

This studyshowsthat the useof FES-assistedwalking 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
participantslongitudinally from onsetof FES-assistedwalking.
When combined with time, we see five different types of
responses:in three participantsthe physiological cost index
remainedconstantand the walking speedincreased,in three
participants the 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 participant the physiological
cost index andwalking speedincreased,andin oneparticipant
the physiologicalcost index increasedand the walking speed
remainedconstant.Theseresultsshowapositiveeffectfor 8 out
of the9 participantswho wereevaluatedfor a durationof more
then3 months.

DISCUSSION

The aim of this study was to characterizethe magnitudeand
time-courseof changesin kinematic and physiological cost
parametersof walkingFES-assistedwalking for SCI-IMFL. The
main resultsarethatspatio-temporalparametersof walking are

TableII. Statisticalresultsof selectedoutcomevariables

Initial- <1 year No.—with FES

Result p-value Result p-value

Spatio-temporalvariables
Walking speed F(1,9)= 11.90 0.007 F(1,9)= 0.00 0.991
Stridelength F(1,9)= 4.43 0.065 F(1,9)= 0.12 0.737
Stridefrequency F(1,9)= 13.26 0.005 F(1,9)= 0.40 0.541
Stanceduration F(1,9)= 9.43 0.013 F(1,9)= 0.24 0.235
Swingduration F(1,9)= 2.82 0.127 F(1,9)= 3.22 0.106

Jointangularparameters
Hip angularexcursion F(1,8)= 1.68 0.231 F(1,7)= 6.65 0.033
Kneeangular excursion F(1,7)= 0.26 0.625 F(1,7)= 0.73 0.421
Ankle angularexcursion F(1,7)= 0.02 0.883 F(1,7)= 0.94 0.364
Ankle angleat foot contact F(1,7)= 2.08 0.193 F(1,7)= 8.54 0.022
Ankle dorsiflexionangleduring swing F(1,7)= 0.31 0.597 F(1,7)= 19.37 0.003

Energycost
Walking speed t(11) = 0.63 0.543
PCI t(11) = 1.18 0.264

F = resultsfrom anANOVA; t = resultsfrom Student’st-test;p = probabilityof type I errors.
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similarwith andwithoutFES-assistedwalkingbut improvewith
the durationof the FES-assistedtraining programmeand that
both stride length and frequencyare factors in the increased
walkingspeedwith time.In contrast,joint angularparametersof
walkingchangewith theuseof FES-assistedwalkingbutchange
minimally with the duration of the FES-assistedwalking
training programme.There was no difference in the physio-
logical costof walking nor walking speedwhenthe participant
usedFES-assistedwalking. However, the majority of partici-
pants that were followed longitudinally show some positive
effects.

Theminordifferencesobservedin thewalkingspeedwith and
without FES-assistedwalking duringthekinematicandphysio-
logical costof walking evaluationsaresimilar to resultsfound
for maximal overgroundwalking speedreportedin a previous
study (6). However, this is the first study showing that the
increasein walking speedis relatedto anincreasein bothstride
length and stride frequency and that changesin the stride

frequency are related to changesin the duration of stance.
Previousstudiesshowedthat the useof FES-assistedwalking
could be relatedto changesin both stride frequencyandstride
length (4,5), but trendscould not be extractedbecauseof the
limited numberof participants.This study is the first to report
changesin joint angularparameterswith useof aperonealnerve
stimulatorfor SCI-IMFL. In this study,therewasno difference
in the physiological cost of walking during FES-assisted
walking. This is similar to results found by an earlier study
using oxygen consumption(9). In addition, changesin the
physiologicalcost of walking when the participantswere not
usingFES-assistedwalking havebeenreportedpreviously(5).
This studyshowedthat thesechangeswereprogressive.

It is surprising to note that the changesin walking speed
reportedfor the kinematic evaluationduring the first year of
FES-assistedwalking areabouthalf that reportedfor maximal
overgroundwalkingspeed(0.10m/secondin comparisonto 0.25
m/second).Sincetherewasnointeractionfactorbetweentheuse

Fig. 3. Changesin the angu-
lar parameters with FES-
assistedwalking. PanelsA–
C show the significant
changes that occur with
FES-assisted walking for
hip angular excursion (A),
ankle angle at foot contact
(B), and ankle dorsiflexion
angleduring swing (C). Ex-
amples of longitudinal
changesin hip angular ex-
cursion (D), ankle angle at
foot contact (E), and ankle
dorsiflexion angle during
swing (F) for oneparticipant
(SM) are also presented.
PanelD throughF showthat
hip angularexcursion,ankle
angle at foot contact and
ankledorsiflexionangledur-
ing swing remain constant
with long-term use of FES-
assistedwalking but differ
between walking with and
without FES assistance.Po-
sitive angular values repre-
sentedin panelsB, C, E and
F represent dorsiflexion,
whereasnegativevalues re-
presentplantar/flexion. Sig-
nificant differences in the
meansare representedwith
anasterisk,whereasthenon-
assisted and FES-assisted
walking conditionsarerepre-
sented by open and filled
circles,respectively.
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Fig. 4. Physiologicalcost of
FES-assistedwalking. 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 as for the PCI
(filled bar and right axis).
Panel C presentsas an ex-
ample of the longitudinal
changesin the physiological
cost of FES-assistedwalk-
ing, the only participant
(DT) who had a decreasein
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 open and filled symbols,
respectively,whereaswalk-
ing speedis representedby
circlesandPCI by squares.
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of FES-assistedwalking and duration of the FES-assisted
walking trainingprogramme,theimprovementin walkingspeed
is entirely dueto the therapeuticeffectof the trainingprogram.
This result hasalso beenshowedin a previousreport (6). As
discussedin this study, the improvement occurs because
changescan occur at many sites within the nervous and
muscularsystems.

Becauseof theheterogeneityof oursample,theresultsof this
studyhavemanyfunctionalimplicationsthatcanberelevantto
thewholespectrumof SCI-IMFL. Forexample,thisstudyshows
thatFES-assistedwalking canbeusedasa rehabilitationdevice
that would enhancethe recoveryof walking. Furthermore,the
resultsof this studyshowthateventhoughtheparticipantswere
classifiedas chronic SCI-IMFL patients,it is still possibleto
improvetheir walking behaviourwhenanappropriatetreatment
modality is used.
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