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Abstract

Although pedaling isconstrainedy the circulartrajectoryof the pedals, it is not simplemovementThis reviewattemptgo provide
anoverviewof the pedalingtechniqueusingan electromyographi¢EMG) approachLiteratureconcerningthe electromyographianat
ysis of pedalingis reviewedin an e wrt to makea synthesisof the availableinformation,andto point out its relevancefor researchers,
cliniciansand/orcycling/triathlontrainers.The gst partof the review depictsmethodologicabspectof the EMG signalrecordingand
processingWe showhow the patternof muscleactivationduring pedalingcanbe analyzedn termsof muscleactivity level andmuscle
activationtiming. Muscleactivity levelis generallyquantigd with root meansquareor integratedEMG values Muscleactivationtiming
is studiedby de mning EMG signalonsetand o wsettimesthat identify the durationof EMG burstsand, morerecently,by the determi
nationof alag time maximizingthe crosscorrelation coescient.In the secondpartof thereview,we describewvhetherthe patternsof the
lower limb musclesactivity arein Ailencedby numerousfactorsa wecting pedalingsuchas power output, pedalingrate, body position,
shoepedalinterface,training statusand fatigue. Someresearchperspectivedinked to pedalingperformanceare discussedhroughout
the manuscriptandin the conclusion.
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1. Introduction

In 1817, Baron von Drais inventeda walking machine
that would help him get aroundthe royal gardensfaster.
In 1855, the french engineersMichaux and Lallement
addedthe pedalsand by the beginningof the 20th century
the generaldesignof the bicycle was similar to that of
today. Ever since, millions of bicyclesare useddaily for
transportation, recreational or competitive cycling.
Becausestationarybicycles(cycle ergometersiallow con
trolled testconditionsandeasymeasurementsf numerous
physiological variables (e.g. heart rate, respiratory gas
exchanges.etc.), physiologists have developeddi terent
types of ergometersfor testing physical gnessand per
forming applied physiologyresearchThe gst ergometers
were described at the beginning of the 20th century
(Krogh, 1913. They have been further developedand
improved (Von Dobeln, 1954; Atkins and Nicholson,
1963 andhaverecentlybeenmadepartially programmable
(Torresetal., 1975;Giezendanneetal., 1983. Thesecycle
ergometersare also used for prescribing exercise for
patientswith heart diseas@Cooper andHasson1970;Sha
fer, 1971, rheumatoidarthritis (Nordemaret al., 1976,
cancerrelated fatigue (Lucia et al., 2003 and Chronic
Obstructive PulmonaryDisease(Busch and McClements,
1989, etc.

Unlike running or swimming, pedalingis more stan
dardized since the bicycle constrains lower extremity
movementsThe activation patternof lower limb muscles
allows both the force productionand its optimal orienta
tion on the pedals.With a completeunderstandingf the
MUV WD Qn@sble) &&tivation patterns, physiotherapists
and cycling trainers can focus on a particular phaseof
the pedaling action to train a particular muscle group.
Furthermore,it has beenshown that specig patternsof
muscleactivationduring a pedalingexercisecanin Aience
cardiovascular, plasma metabolite and endocrine
responsedoth during and after exercise,even when the
metabolic demandis held constant (Descheneset al.,
2000. Therefore, to improve rehabilitation protocols
and cycling performanceit is of primary importanceto
have a complete knowledge of the activation pattern of
lower limb muscles during pedaling. The information
required to understandthe pedaling movementinclude
identifying the lower limbmuscleswhich are activated
and precisely knowing their level/timing of activation.
Associatedo kinetic and kinematicanalysesit represents

ameando elucidatetherole of eachof themusclesalong
the crankcycle. In addition,it is importantto know how
the coordinationstrategiesadaptto various constraints
such as power output, pedaling rate, body position,
shoedpedalinterface trainingstatusandfatigue.

Overall, this article attemptsto provide an overview of
the pedaling technique using an electromyographic
approach. Literature concerning the electromyographic
analysisof pedalingis reviewedin ane wrt to makea syn
thesisof the availableinformationandto point out its rel-
evancefor researchersglinicians and/or cycling/triathlon
trainers. We gst depict methodological aspectsof the
EMG signal recording and processingand then describe
whether the patternsof the lower limb musclesactivity
arein Ailencedby numerousconstraintsSomeresearctper
spectiveslinked to pedaling performanceare discussed
throughoutthe manuscriptand in the conclusion.

2. The useof electromyography
2.1. Detectionand interpretation of EMG signals

For more than two centuries, physiologists have
known and acted on * D O Y DréMelfition that skeletal
musclescontract when stimulated electrically and, con
versely, that a detectablecurrentis detectablewhen they
contract(Basmajianand De Luca, 1985. The extraction
of information from the electrical signal generatedoy the
activated muscles (electromyography;EMG) has been
regardedas an easyway to gain accesdgo the lessacces
sible activity of motor control centers. Electromyo
graphic techniquesare now well accepted by the
researchcommunity, and their usageis spreadingas an
assessmertbol in sportand applied physiology. EMG
can be recordedinvasively, by wires or needlesinserted
directly into the muscle, or norrinvasively, by recording
electrodesplaced over the skin surface overlying the
investigatedmuscle.With wire electrodes, the volume
of muscle from which signal is recordedis relatively
small (few cubic millimeters) and thus, may not be repre
sentativeof the total muscle massinvolved in the exer
cise. Conversely,surface EMG provides information
from a large massof muscletissue(thoughthe supercgial
derscontribute more than deep ¢ers)and thusis more
directly correlatedto the mechanicaloutcome(Frigo and
Shiavi, 2004). Therefore, use of this latter modality is
preferablein healthy sedentarysubjectsand in athletes,
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Fig. 1. Exampleof experimenthdesignto studythe lower limb muscleactivationpatternsduring pedaling.Motion artifactsarereduced/eliminatety
carefully ing all the cables(a netbandagecanbe put aroundthe lower limbs) and/orby using pre-anpli égrscloseto the electrods.

despitesome limitations and drawbacks.In fact, surface
EMG is mainly related to the neural output from the
spinal cord and thusto the numberof activated motor
units and their dischargerate. However, various factors
canin Aiencethe signal and must be takeninto consider
ation for a proper interpretation.The main physiological
factors that in Alence the surface EMG are der mem
brane properties(e.g. muscle ¢er conduction velocity)
and motor unit properties(e.g. ging rates). Other fac-
tors consideredas nonphysiologicalcan also in Aience
the signal as crosstalk (contaminationby a nearby mus
F O eIgadtrical activity) and motion artifacts (induced by
the movementsof the electrodesand/or cables).Even if
motion artifacts can be eliminated by carefully ¢ing
all the cablesand by using pre-ampli grs close to the
electrodes(Fig. 1), avoiding crosstalkis more di vcult.
However, the use of double di Lerential electrodecon &-
uration (van Vugt and van Dijk, 2001) and/or a proper
localization of the surfaceelectrodeson the muscle(Her-
menset al., 2000 may diminish it. Accordingly, recom
mendations for correct electrode placement over the
intended muscle have been provided by SENIAM con
certed action (Hermenset al., 2000. A typical example
of EMG signals recording during pedaling is depicted
in the videoclip (supplementarymateria) attached to
the electronicversion of this article.

2.2. Determinationof muscleactivity level and normalization
procedures

The patternof muscleactivationduringa specig move
ment, and in a rhythmic humanmotion such as pedaling
canbe analyzedn termsof activity level and/oractivation
timing (Fig. 2). Muscleactivity level duringpedalingis gen
erally quantigd with the root meansquarevalue (RMS)
(Duc et al., 2006; Laplaudet al., 2006; Dorel et al., 2007
or integratedEMG (EMGi) values (Ericson, 1986; Jorge
and Hull, 1986; Takaishiet al., 1998. Note that RMS is
recommendedcomparedto integrated EMG (Basmajian
and De Luca, 1985. In order to comparethe muscular
activity betweendi terent musclesand betweendi Lerent
subjects,numerousauthorsuse and recommendan EMG
normalization (Ericson, 1986; Marsh and Martin, 1995.
In mostcasesEMG activity recordedduring the test situ-
ation is expressedelative to that previouslyrecordeddur-
ing a brief (i.e. lessthan 5 s) isometricmaximal voluntary
contraction (IMVC) (Ericson, 1986; Marsh and Martin,
1995. Becauseit is not obvious that the referenceEMG
values recordedduring IMVC can be usedto represent
the maximalneuraldrive during pedaling,this type of nor-
malization is strongly criticized on the basis of possible
misinterpretations(Mirka, 1991). For instance,by using
this method,Hautieret al. (2000)reportedan activity level
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Fig. 2. Exampleof surfaceelectromyographisignalprocessindo studythelower limb muscleactivationpatterngduring pedaling.CrankangleandEMG
signalsaresynchronizedThe muscleactivity level is easilyidenti &d by the calculation ofEMG RMS overonecompletecycle (i.e. 0 860°; RMS cycle)

and/orby the calculationEMG RMS over the period of muscleactivity (i.e.

EMG burst). For the study of muscleactivationtiming, raw EMG dataare

root meansquared RMS) with a time averagingperiod of 25 msto producea linear envelope A linear interpolationtechniqueis then usedto obtaina
meanvalue of EMG RMS for eachdegreeof rotation. Finally, thesedata are averagedover various consecutivepedalingcyclesin orderto get a
representate EMG RMS linear envelope Solid lines indicatethe EMG RMS envelopeandthe dashedcurvesare 1 standarddeviationabovethe mean.
Onsetand owsetvaluesaredetermined fronthis averagegatternusingan EMG thresholdvalue ¢xedat20% of thepeakEMG recorded duringhe cycle

(horizontd dashedine). TDC, top deadcenter(0°).

abovel00% of IMVC (i.e. 126.2%)for VL during a brief
maximalcycling exerciseTo takeinto accounthe specié-
ity of the cycling posture Hunteret al. (2002) proposedo
use more specig isomeric tasks performedon the cycle
ergometerMore recently, 5 R X uaddtautier (2007) rec
ommendeda novel approachbasedon a cycling torque+
velocity testin orderto bettercontrol the posture(i.e. joint
angleand musclelength), the type of contraction,andthe
role of eachmuscle.Despitepresentingan originalnormat
ization procedurefor future studies,di lerentaspectscon
cerningthe activation of lower limb musclesduring such
a maximal pedalingexerciseremainto be elucidateddue
to the lack of detailedinformation. In orderto adequately

discussthe gld we canraisethe following questions:(1)
what is the in Alenceof the poweravelocity combination
on the maximal referencevalue of activationobtainedfor
the di Lerent muscles?(2) How this in Ailenceas well as
the in Alence of the free accelerationof the movement
allowed during thesprint should be takeninto account
by researchersyith the view of obtaininga referencevalue
usedto studythe activationof the lower limb musclesdur-
ing submaximalexercisesduring which both thesefactors
arecontrolled?3) Whatis thein Aienceof thetime interval
and smoothingrocess used tealculate thanaximal refer
enceEMG value during the sprint exerciseon the normat
ization procedureandhow canthis be optimized?(4) How



canit be determinecthatthe level of activationduringthe
sprint re Zects the maximal neural drive of the di terent
lower limb musclesq5) Is it rationalto assumehat all of

the subjectshave the sameability to maximally activate
all of thelowerlimb muscleduringsucha specig exercise
(and especiallythe bi-articular muscles)?This last point is

importantbecauseat could lead to misinterpretationson

cerning the inter-individual variability of the normalized
EMG values. Various studiesfocusing on EMG pro des
normalizethe EMG patternsin respectto the peak(named
peakdynamicmethod; Ryan and Gregor, 1992; Dorel

etal., 2007 or mean(hamedmeandynamicmethod;Win-

ter and Yack, 1987 value measuredover the complete
cycle. However,it shouldbe keptin mind that thesenor-

malization procedureonly inform the researchepr clini-

cian aboutthe level of activity displayed by a muscle
over a pedalingcycle (i.e. shapeof the EMG pattern)in

relation to the peakor averageactivity. Thus, it doesnot
inform on muscleactivation level that is requiredduring
pedaling.Overall,to date thereis no agreemenbn the best
normalizationprocedureto be adopted(Burdenand Bart-

lett, 1999. This methodological aspecncerningnormat

ization of EMG signal processingwill be of primary
interestto improveinterpretationof EMG signalsin future
studieswhich aim to quantitativelycomparethe activity of

di terent musclesin the samesubjector to quantitatively
describethe inter-subjectvariability of muscle activation
levels. Neverthelessfor studieswhich examinethe alter

ation of EMG response®f the di lerentmusclesinduced
by independenfactors (such as body position, workload,
etc.)in the samesessionthe normalizationprocedurehas
alower in Ailenceon the analysisandits necessityremains
to be established.

2.3. Determinationof muscleactivation timing

Muscle activationtiming is generally studied from a
representativeEMG pro de obtainedby averaging vari
ous consecutivecycles and by smoothing. This mean
EMG prode generally depicts the evolution of the
RMS envelope throughout the crank cycle (Fig. 2).
Detectinga bottom or top deadcentersignal of the crank
(BDC and TDC, respectively) permits to display EMG
pro des asfunction of time expressedin percentage of
the total duration of the complete cycle. This method
allows the comparisonwith other pedalingcycles of dif-
ferentdurations.However, due to the slight variations
of the crankvelocity, especially if the pedaling rate is
not maintainedconstant(e.g. during a sprint), it is rec
ommendedo synchronizethe EMG signal with a contir
uous mechanical measurementof the crank position.
Timing parameterggenerally determinedfrom this EMG
pro de include signal onsetand o wset times that identify
the durationof EMG bursts(Jorge and Hull, 1986; Li
and Caldwell, 1998; Chapmanet al., 2006, 2007; Duc
et al., 2006; Dorel et al., 2007). Usually, an EMG thresh
old value ( xed at 1525% of the peak EMG recorded

during the cycle, or 1, 2 or 3 standarddeviationsbeyond
mean of baselineactivity) is chosenfor onsetand o wset
detection (Fig. 2). It allows identi gation of the EMG
activity regions as a function of the crank angle as it
rotatesfrom the highestpedal position (0°, TDC) to
the lowest (180, BDC) and backto TDC to complete
a 360° crank cycle. However, becausethis identi gation
can be disputablewith some EMG patternsand strongly
dependanbf the thresholdlevel used,someauthorsvisu
ally adjustandraisethis thresholdin the casesfor which
it is consideredinappropriate(Li and Caldwell, 1998;
Duc et al., 2006. This approachhas two limitations.
First, the determinationis largely subjective and thus,
thereis a lack of agreementbetweeninvestigatorsas to
the pu F R UthrésRald(Hodgesand Bui, 1996). Second,
information about the shape of the EMG signals (i.e.
level of activation changesacross the crank cycle) is
not taken into account. The peak of EMG activity
(EMGgeay and the crank angle at which this peak value
occurs (Li and Caldwell, 1998; Duc et al., 2006 also
attempt to quantitatively and qualitatively characterize
the EMG burst. However, thesevaluesremainin Aienced
to a large extent by the sighal processingemployed,and
specigally by the smoothingmethod. As a consequence
some discrepanciesn the onset,the o wset or the angle
correspondingto EMG,e for a given muscle could
appear between the studies. For these reasons,some
authorsproposeto calculatea coevcient of crosscorrela
tion to give an objective estimationof the similarity of
two activity patternsof the same muscle obtained in
two di werent conditions (with lag time = 0; Li and Cald
well, 1998; Dorel et al., 2007). Recently,this methodhas
beenusedto calculatethe lag time (knag maximizing the
coevcient of crosscorrelation and its 95% con¢dlence
interval to determine phase shift based on the entire
EMG prode (Li and Caldwell, 1999. However, to the
best of our knowledge, the results obtained with the
crosscorrelationtechniquehave not been compared to
the onsetand o wiset resultsTheoretically,if two EMG
patterns are very similar in terms of shape and burst
duration despitea shift in time, the samevalue of kqax
can be expectedas the computedrelative onsetand o uset
changesConversely,if the burstdurationchangesdi wer-
encesin the results obtained with both methods could
appear.Fig. 3 depictsthe EMG pro de of the Gastrocne
mius medialismuscleobtainedduring pedalingin two dif-
ferent body positions (i.e. dropped posture, DP and
upright posture,UP). As illustrated by this ¢ure, due
to the decreaseof the burst durationfrom DP to UP, o »
set of activation (with thresholdlevel xed at 20% of the
peak EMG) appear20° earlierin UP condition, whereas
the onsetremainsunchangedBy taking into accountthe
two complete EMG pro des the crosscorrelation tech
nique and k. calculationlead to a total shift of 4° from
DP to UP. It remainscontroversialin this typical exam
ple to describethe timing di Llerencebetweenboth condi
tions by a total shift of activation (i.e. only by 4°),
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Fig. 3. lllustration of potential di terencesbetweenonset/osset and the
coevciert of crosscorrelationdeterminationExample curves oGastroe
nemiusmedialisEMG linear envelopesobtainedduring pedalingin two
di terentbody positions(i.e. Droppedposture,DP and Upright posture,
UP) aredepicted.Dashedines indicatethe thresholdfor onsetand o wset
at 20% of the peak EMG. O wset appears20° earlier in UP condition,
whereasthe onsetis not modigd. By taking into accountthe two
completeEMG pro des the crosscorrelationtechniqueand k., calcula
tion leadto atotal shift of 4° from DP to UP.

whereasthe two curvesclearly demonstrateda similarity
in the beginning of activation, but with a signi gant
decreaseén the durationin the UP condition. As a conse
guence,despiteits indisputable methodologicalbeneds,
the crosscorrelation technique should be used carefully
and certainlyto complementto the classical onou
method and the visual inspectionof the EMG pro des.

3. Characterizatiorof the lower limb muscleactivation
patternsduring pedaling

3.1. Typical lower limb musclesactivity level

To the bestof our knowledge Houtz and Fischer(1959)
were the gst to record surface electromyogramsduring
pedaling. They studied all the major surfacelower limb
muscleg14 muscleskxceptthe soleusandstatedthatthese
musclesare activatedin an orderly and coordinatedway.
However, this work was performedon a limited number
of subjects(three subjects)further casting doubt on the
conclusions provided by the authors. More recently,
numerous investigatorbave reported EMGanalysesof
pedaling(Ericson, 1986; Jorgeand Hull, 1986 Ryan and
Gregor,1992; Hug et al., 2004a,b;Duc et al., 2006; Hug
etal., 2006a,b;Dorel et al., 2007). Musclestypically sam
pled are the Gluteus maximus (GMax), Rectusfemoris
(RF), Vatsuslateralis (VL) Vatsusmedialis (VM), Semi
membranosugSM), Semitendinosu$ST), Bicepsfemoris
(BF,longhead)Gastrocnemiutateralis (GL) andGastroc
nemiusmedialis (GM), Tibialis anterior (TA), and Soleus
(SOL). Fig. 4 depictsthe generalanatomyand action of

hip flexion

4]

hip extension

knee fexion .
knee extension

/‘ f ankle flexion
\_O—

l ankle extension

Fig. 4. Schematiaepresentationf boneinsertionsof the mainlower limb
musclesimplicated in pedaling.(1) Gluteusmaximus (hip extensor);(2)
Semimeiranosus and Biceps femoris long head (hip extensors/kee
fexors); (3) Vastusmedialis and Vastuslateralis (knee extensors);(4)
Rectus femorigknee extensor/higlexor); (5)Gastrocnemiugateralis and
Gastrocnemiusnedialis (knee Aexors/akle extensors)(6) Soleus(ankle
extensoriand (7)Tibialis anterior (ankle Aexor).

thesemuscles.Using a standardnormalizationprocedure,
Ericson (1986) showedthat a workload of 120 W (corre

spondingto approximately54% of the maximum aerobic
power) inducesan EMG activity level of 45%, 44% and
32% of IMVC for respectivelyVM, VL and SOL (three
monaoarticular muscles).EMG activity level is lower for

bi-articular musclessuch as RF and GL (respectively,
22% and 18% of the IMVC values).

It is importantto notethatthe activationpatternof dee
permuscleqe.g.Tibialis posterior, Flexordigitorumlongus
AdductormagnusVatsusintermediusPsoas etc.)canonly
be recordedwith intramuscularelectrodes(i.e. wire elec
trodes).However,dueto its invasivenature,this technique
wasusedin very few studies(Jukeret al., 1998; Chapman
etal., 2006;Chapmaretal., 2007 andin only few muscles
(Tibialis posterior, Psoa3. Some authorsused'H trans
verse relaxation time (T2) during Magnetic Resonance
Imaging (MRI) of thigh musclesas an index of muscle
activity level (Hug et al., 2004a,2006a,b;Akima et al.,
2005; Endoet al., 2007). Despitethe opportunityto study
deep muscles, thigchniqueonly gives indirectindications
of muscleactivity level, anddoesnot permita precisecom
parisonbetweenthe muscles.Thus, information aboutthe
recruitmentof deeplower limb musclesduring pedalingare
scarce.



3.2. Typical lower limb musclesactivation timing

As mentioned previously, to examine the pattern of
muscle activation, importart variablesof interestare the
starting (onset) and ending (o wset) crank angles of the
EMG bursts.Figs.5 and6 depictrespectivelythe averaged
patternsand typical onsetand o wset valuesfor 10 lower
limb muscles.The GMax is active from TDC to about
13, which is inside the region of the power stroke (25
16C°) (Jorgeand Hull, 1986; Dorel et al., 2007). Vastii
(VL and VM) are activatedfrom just before TDC to just
after 90° (Houtz and Fischer,1959; Jorgeand Hull, 1986;
Dorel et al., 2007). Note that the onsetof activity for RF
is earlierthanfor Vastii (about270°) andthattermination
of activity is just about90° (Jorgeand Hull, 1986; Dorel
etal., 2007). The regionof activity of TA is in the second
half of the upstroke phase (from BDC to TDC) from
almost 270¢° (i.e. -90°) to slightly after TDC (Jorge and
Hull, 1986;Doreletal., 2007). Activity of the Gastrocnemii
muscles(GL and/or GM, dependingon the study) begins
just after the terminationof TA activity (about30°) and
Mishesjust before the onsetof TA activity (about270C)
(Faria and Cavanagh,1978; Jorgeand Hull, 1986; Dorel
etal.,2007. SOL is activatedduring the downstrokephase
(i.e. 0° to 18C) from 45° to 135 (Dorel et al., 2007). The
results concerning themusclesof the hamstrings group
(BF, SM and ST) are more controversial.Some authors
showedan activation region beginningjust after TDC to
BDC (Doreletal., 2007 while othersshowedalongeracti
vation region from about TDC to about270° (Jorgeand
Hull, 1986. Ryan and Gregor (1992) clearly reportedthe
two di erent patternsdescribedabove for BF activation
during pedaling (the two patternsdescribedabove).ln a
recent study, we also observedtwo distinct patternsfor
TA, GL andSOL (Dorel etal., 2007). In fact, in somesub
jects(2 8 of 12) thesemuscledisplayediwo distinctbursts
of activation(Fig. 7). Thesedi ulerencesmay be relatedto:
(1) inter-subjectvariability of the pedalingtechnique(Ryan
and Gregor,1992; Hug et al., 2004a,h, (2) discrepancies
betweenthe studiesconcerningthe determinationof onset
ando wsetvaluesasmentionedn Section2.3 (Li andCald
well, 1999 and/or(3) modi icationsof severalconstraints
(e.g. body position, pedaling rate, shoefpedal interface,
etc.) asfurther detailedin this review.

3.3. Lower limb musclesfunction and coordination

Basedon the informationdescribedabove(i.e. level and
timing of muscleactivationpatterns)and,in somecase,on
kinematic/kinetic variables, some studies examined the
functionalroles of the lower limb muscleduring pedaling.
As hypothesizedy variousauthors they may havedi Ler-
ent roles dependingon how many joints the muscles
traverse.Ryan and Gregor (1992) noted that the mono
articular muscles(GMax, VL, VM, TA, and SOL) play a
relatively invariantrole as primary power producersCorn
versely, the bi-articular muscles(BF, ST, SM, RF, GM,

and GL) behave dierently and with greater variability
(Ryan and Gregor, 1992; Hug et al., 20043. According
to the theory proposedby van Ingen Schenauet al.
(1992) andlargely reportedin the literaturefollowing this
study, thesemusclesappearto be primarily active in the
transfer of energy betweenjoints at critical times in the
pedalingcycle andin the control of the direction of force
productionon the pedal.

Lombard (1903) was the gst to observeantagonistic
contractionduring knee extensionmovement.ndeed,dur-
ing the propulsivgphaseof pedaling,severalagonist/antag
onist musclespairs activate together. This action occurs
betweenthe joint torque necessarto contributeto joint
power and the torque necessaryto establishthe direction
of the force on the pedal. Co-activationof monc-articular
agonistsand their bi-articular antagonistsappearsto pro-
vide the uniquesolution for theseconActing requirements
(vanIngenSchenatet al., 1992; moreover,co-contraction
of antagonistiomusclesmay also providejoint stability by
reducingbonedisplacementindrotation (Hirokawa, 1991)
or by equalizingthe pressuredistribution in the articular
surface(Solomonowet al., 1988. For instance Sanderson
et al.(2000)notedthatif pedalforceis high andcadence is
slow eversionof the foot with inward rotation of the tibia
throughthe cycle would leadto stressn the knee.Basedon
this observation,co-activation may help to relieve this
stressFor all thesereasonsa decreas®f the co-activation
level would not necessarilybe linked to a more evcient
pedalingmovement.

3.4. Repeatabilityof lower limb muscleactivation patterns

Assessmentf intra-sessiorrepeatabilityof muscleacti
vation patternis of considerableelevancefor researctset
tings, especially when used to determinethe e wects of
various constraints(e.g. pedalingrate, fatigue, body post
tion, etc.). Even if the methodologicalproblems,due to
electrodereplacementare avoided when EMG measure
mentsof a samesessiorarecomparedasis the casefound
in the major part of studiesusing EMG in cycling), the
questionof whethera personalmuscle strategyis able to
be adoptedand maintainedstable throughoutthe exper
mental cycling sessionstill remainsof greatimportance.
However,assessmertf reproducibilityof lower limb mus
cle activation patternsduring pedaling has been investt
gatedonly a few times. Houtz and Fischer (1959) were
the gstto suggest high reproduciblepatternduring ped
aling (in three subjects). Later, Laplaud et al. (2006)
showeda high dayto-day reproducibility of the activity
level (i.e. RMS value) of eight lower limb musclesduring
progressivecycling exerciseperformeduntil exhaustion.
However,this study did not focus on the timing variables
(i.e. onset,o0 wset and EMG pro de). To the best of our
knowledge,only Dorel et al. (2007) demonstratec good
intra-sessionrepeatabilityof 10 lower limb muscleactiva
tion patternsduring pedaling, both in terms of muscle
activity level and muscleactivationtiming.
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Fig. 5. Ensemblecurvesof EMG RMS linear envelopefor 10 lower limb muscles.The EMG RMS envelopeswere averagedover 45 consecutivecycles
acrossl2 triathleteswho were askedto pedalat the power output associatedo the gst ventilatory threshold(238 + 23 W). For eachsubject,magnitudes
were normalizedto the maximal RMS value obtained during the cycle. TDC, top deadcenter (0°); BDC, bottom dead center (18C¢°). GMax, Gluteus
maximus SM, Semimembranosu8F, Bicepsfemoris (long head); VM, Vastusmedialis RF, Rectusfemoris VL, Vastuslateralis; GM, Gastrocnemius
medialis GL, Gastrocnemiudateralis; SOL, Soleus TA, Tibialis anterior. Material publishedby Dorel et al. (2007)
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the gst ventilatory threshold(238+ 23 W). Only the main burst is
depictedvhentwoburstsvereobservedTDC,topdeacdcentel0°); BDC,
bottom deadcenter(180°). GMax, Gluteusmaximi; SM, Semimeior-
anosus BF, Bicepsfemoris (long head); VM, Vastusmedialis RF, Rectus
femoris VL, Vastuslateralis; GM, Gastrocnemiugmedialis GL, Gastroe
nemiuslateralis; SOL, Soleus TA, Tibialis anterior. Material publishedby
Dorel et al. (2007)

4. Which factors can in Alencethe EMG patternsduring
pedaling?

4.1. Power output

The power output (expressedn Watt) can be modi gd
by a changein the pedalingrate, mechanicaload or both.
The following focusesonly on the EMG changesnduced
by manipulationsof the mechanicalload (i.e. resistance
imposedby the cyclo-ergometer)without a changein the
pedalingrate.

Recordingof EMG activity of somelower limb muscles
during a progressivepedalingtest performeduntil exhaus
tion have shown an increaseof EMG activity level with
respectto power output (Bigland-Ritchie and Woods,
1974; Taylor and Bronks, 1994; Lucia et al., 1997; Hug
et al., 2003; Hug et al., 2006a,h. Somestudiesreporteda
linear relationshipbetweenthe RMS (or EMGi) and the
workload level (Bigland-Ritchie and Woods,1974; Taylor
and Bronks, 1994). Others have shown a nortlinear
increaseof RMS (or EMGi) after a certainworkload was
reached(Lucia et al., 1997; Hug et al., 2003, 2006a,b.
However, becausethe exerciseswere performed until
exhaustion,it is di vcult to dissociatethe e wects of the
increaseof power outputandthe occurrenceof musclefati-
gueon the EMG activity level (further detailedin Section
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Fig. 7. Example of two di terent patternsobtainedin a group of 12

triathletesfor the Tibialis anterior. EMG RMS envelopeswvere averaged
over 90 consecutivecyclesacross3 and4 triathletes(for respectivelythe

patternA and B) who were askedto pedalat 150 W. For eachsubject,
magnitues were normalizedto the maximal RMS value obtainedduring

the cycle. Solid lines indicate the EMG RMS envelopeand the dashed
curvesare 1 standarddeviation abovethe mean.TDC, top deadcenter
(0°); BDC, bottom deadcenter(18C°). Material publishedby Dorel et al.

(2007)

4.6). During constamroad exerciseperformedat di Lerent
intensities(separatedy a suvcient period of recoveryto
avoid fatigue), Ericson (1986) reported increasedEMG
activity level of the main lower limb muscles(GMax, VL,
RF, VM, BF, ST, GM) as power output increasedfrom
120to 240W (pedalingrate: 60 rpm) and suggestedhat
GMax activity is greatlyin Aiencedby the workload level.
Sarreetal. (2003)con gmedtheseresultsshowinga signif-
icant power e Lect on the EMG activity level of threeknee
extensormuscles(VM, VL, RF) at three di Lerent power
outputsexpresseds a percentageof the maximal aerobic
power (60%, 80% and 100%). However,at low intensities
andwhenthedi Lerencebetweerthe poweroutputsis lower
(e.g.from 83 to 125W), EMG activity level in Gastrocne
mius seemsto be unchangedJorgeand Hull, 1986. This
result is congmed by those obtained by Hug et al.
(2004a) who showed,during a progressivepedalingexer
cise, aconstantGM activation during the initial stages
(from the beginningto about70% of the maximal aerobic
power). It would congm that this bi-articular muscleis
active to transfer energy betweenjoints in the pedaling
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cycle and/orto control the direction of force production
ratherthanasa primary poweproducer.

To the bestof our knowledge few studieshavefocused
on the e Lectsof poweroutputon muscleactivationtiming.
Jorge and Hull (1986) suggestedhat EMG activity pat
ternsare not strongly in Aiencedby mechanicaload. Fur-
ther researchs neededo con am this point.

Among the newinformationsthat canbe extractedfrom
surfaceEMG andthathasnot beendescribedoreviouslyin
this review, muscle ¢er conductionvelocity (MFCV) is a
physiological parameterthat is relatedto the der mem
brane and contractile properties.Becauselower threshold
motor units have a lower conductionvelocity than higher
thresholdmotor units, MFCV can provide indicationson
motor unit recruitmentstrategies(Farina et al., 2004a,.
Using linear adhesivearrays of eight electrodes,Farina
et al. (2004a)measuredMFVC on two thigh muscles(VL
and VM) at two di terentworkload levels. They showed
that MFVC increasesn respectto mechanicalload, indi-
cating progressiverecruitmentof large, high conduction
velocity motor units with increasingmuscleforce.

4.2. Pedalingrate

As mentioned above, a given power output can be
obtainedat a variety of pedalingrates(alsoreferredto as
U F D G Hréskltng in a number of cadenceresistance
combinations.We will only focus on the EMG changes
induced by manipulationsof cadenceat constantpower
output.

Pedalingrate is widely acceptedas animportantfactor
that awects cycling performancgFariaet al., 2005a,b.
For this reason,numerousinvestigators have quantigd
the EMG activity level in variouslower limb musclesover
alargerangeof pedalingrates(Suzukietal., 1982;Ericson,
1986; MarshandMartin, 1995; Neptuneet al., 1997; Mac-
Intoshetal.,2000;BaumandLi, 2003;Sarreetal., 2003;Li
and Baum, 2004; Lucia et al., 2004). Ericson (1986)
reported increasedmuscle activity on GMax, VM, SM,
GM and SOL as pedalingrate was increasedfrom 40 to
100rpm. However,they showedno changeof the level of
activationfor RF and BF. Neptuneet al. (1997) recorded
EMG activity of eightlower limb musclesat 250W across
pedalingratesrangingfrom 45 to 120 rpm.They reported
that GM, BF, SM and VM increasedtheir EMG activity
level systematicallyasthe pedalingrateincreasedln con
trast, the EMG €adencerelationshipof GMax and SOL
showed aquadratic trendvith a minimum of EMG activity
at pedalingrates near 90 rpom, while RF and TA EMG
activities were not a Lectedsigni gantly by cadenceSarre
et al. (2003) showedno signi gant cadencee tect on VL
andVM EMG activity levelswhile RF EMG activity was
signi gcantly greaterat lower pedaling ratesof approxi
mately 60 rpm. In a more recent study, Lucia et al.
(2004) testeda populationof professionakyclistsat about
370 W. They reportedcontradictoryresultsin this highly
trained population, showing a decreaseof EMG activity

level in VL and GMax with increasingpedalingrate. Over
all, evenif mostof the studiesreportedan increaseof EMG
activity level on Gastrocnemiiand SM in relationto a ped
aling rate increase,conActing results exist with the other
muscles.Thesediscrepanciesould be explainedby di wer-
encesin the training status of the subjects,the range of
cadencestested, and the levels of power output. For
instance,the power outputwas xed at 120 W in the study
performed by Ericson (1986) whereasSarre et al. (2003)
xed the power output from about 222W to about
370 W. Maclintosh et al. (2000) averagedEMG activity
(RMS values) for sevenmuscles(GMax, BF, RF, VM,
TA, GM, SOL) within each subject. Then, they testedthe
subjects at four power outputs (100, 200, 300, and
400W) ateachcadence50, 60,80,100,and120rpm. Their
resultscon gmedthatthe level of muscleactivationis mod

i &dby the cadenceat a given power output. Furthermore,
they showedthat minimum EMG activity level occursat a
progressivelyhigher cadenceas power output increases.
For instance,minimal EMG amplitude was observedat
lessthan 60 rpm for 100 W, and close to 100rpm for
400 W. Theseresultssuggestthat, at a given submaximal
poweroutput,thereis a cadenceavith minimal level of mus
cle activation. However, it should be kept in mind that
theseauthorsaveragedRMS valuesfor seven muscles.
For this reason,their resultscan not be extendedto each
lower limb musclesinceeachof themresponddi werently
to pedalingrate modi iations.

As pedalingrate increasessigni gant linear trendsfor
peak EMG activity to shift earlier in the pedalingcycle
have been reported in various muscles (VL, RF, BF,
SOL, and GM) (Marsh and Martin, 1995. Most of these
results have been further congmed by Neptune et al.
(1997)who showedthatEMG onset and asetof ge mus
cles (GMax, BF, RF, SM, and VM) systematically
advancedas pedalingrateincreasedexceptfor SOL which
shiftedlaterin the crankcycle. The time delaybetweenthe
electricalevent(i.e. EMG activity) andtherelated mechan
ical output (i.e. force) (called electromechanicaldelay,
EMD) has beensuggestedto be relatively constantand
within the range30:#.00 ms (Cavanaghand Komi, 1979.
Assumingthe EMD is 100ms, it correspondgo about1/
10th of a pedalingcycle (i.e. 36°) at 60 rpm andto 1/6th
of a pedalingcycle (i.e. 60°) at 100 rpm. In this line, it
was hypothesizedhat muscleactivation must occur pro-
gressively earlier as pedaling rate increasesin order to
develop pedal force in the same crank cycle sector (Li
and Baum, 2004). However, Sarre and Lepers (2006)
recently showedthat peaktorque shifts forward in crank
cycle ascadencencreases(about 10° between 50 and
75 rpm at 37.5%0f the maximal aerobic power) suggesting
that this central strategy,consistingof earlier muscleactr
vation ascadencencreasesis only partial. Moreover,dur-
ing sprintcycling (at higherpedalingrates),Samozincet al.
(2007)showedthat, despitean earlieractivationof VL and
GM, force production occurredlater in the crank cycle,
duringalesse wectivecrankcycle sector.Fortheseauthors,



it could partly explainthe decreasim poweroutput beyond
optimal pedalingrate during sprint cycling.

4.3. Shoepedal interface

Bicycle pedalsrepresentwo of the ge attachmensites
between the bodsindthe bicycle Becausehey are thepri-
mary site of energytransferfrom rider to bicycle,the pedal
naturally becamea focal point for scientistsPlatformped
als (alsocalledstandardpedalsyeferto any At pedalwith-
out a cage.They are usedwith traditional soft-soledshoes
by most recreational riders and bpatientsinvolved in
rehabilitation therapy. In contrast, toe-clip and clipless
pedalsare used with hardsoled shoesthat are specially
adaptedfor them. Note that nowadays,most of the ama
teur and professionalcyclists use clipless pedals. While
standardpedalsonly permit the applicationof a positive
e wective force during the downstrokephaseof the crank
cycle,toe-clip andcliplesspedalsalsopermit(theoretically)
the applicationof a positivee wectivepedalforcefrom BDC
to TDC (i.e. during the upstrokephase).

Very few studieshavefocusedon the e Lectsof theshoet
pedal interface on the lower limb muscle activation pat
terns. Ericson (1986) comparedEMG activity level of 11
lower limb musclesduring pedaling with standardand
toeclip pedals.He found a higher activity level in RF,
BF, and TA when the toe-clip pedalswere used.In con
trast, it induced lower activity level in VM, VL, and
SOL, while the other muscles(hamstrings,Gastrocnemii
and GMax) were not alected. More recently, Cruz and
% D Q KPRQOL)comparedcliplessvs toe-clip pedals.They
showeda lower EMG activity in SM and ST (hamstring
muscles)with clipless pedalsand, in contrast, digher
activity in BF and GL. However,this later study was per
formedin only four subjectsat a pedalingrate of 100 rpm
and at an unknownpower output. For thesereasonsthese
results should be taken with caution. Furthermore,these
two studiesonly reportedchangesof EMG activity level
andneithershowedEMG activationtiming. This later var-
iable iscrucial, especiallyfor bi-articularmusclesfor link-
ing the quantitative changesof EMG patterns with
putative pedalingcoordinationchanges.In addition, con
sideringthat a positiverelationshipexistsbetweemegative
crank torque and pedalingrate (Neptuneet al., 1997, it
could be hypothesizedhat the e Llectsof shoedpedalinter-
face on the EMG patternsare strongly relatedto the ped
aling rate.

4.4. Bodyposition

A properposition on the bicycle is paramountfor both
cyclistsinterestedn performanceand patientsinvolved in
rehabilitationtherapy.The mostcommonchangesn body
positionare dueto saddleheightandtrunk orientation(i.e.
the angle betweenthe trunk and the line connectingthe
centerof the hip joint andthe crankaxis). Anotherposture
changeoccurswhenthe rider switchesfrom a seatedo a

standingpostureto decreasdhe strain on the lower back
muscles. Thus, several authors have been interestedin
determiningthe modi gationsin the activation pattern of
the lower limb musclesinducedby thesechangesn body
position (Ericson, 1986; Jorge and Hull, 1986; Juker
etal., 1998;Li andCaldwell, 1998; Savelberget al., 2003;
Duc etal., 2006.

Saddleheightis de mmedasthe vertical distancebetween
the top of the saddleandthe centerof the pedalaxle mea
suredwhenthe pedalis down andthe crankarmis in line
with the seattube.Becauseét is of considerableelevance
for both cycling performanceand rehabilitationprotocols,
the e Lectsof saddleheighton physiologicalresponsefave
beenextensivelyexplored(Houtz andFischer,1959; Ham-
ley and Thomas, 1967; Ericson, 1986; Jorge and Hull,
1986. First, Hamley and Thomas(1967) reportedthat a
saddle height equal to 100% of the trochanterlength is
the most e vcient when oxygenuptakeis takenas a crite-
rion. Later, Jorgeand Hull (1986) showedan increasein
the level of muscleactivity for quadricepsVL, RF, VM)
and hamstrings(BF, SM) when the saddlewas lowered
to 95% of this pu R S WhdrgbhtOn contrast, Ericson
(1986) showedthat changesin saddle height were not
related to activity changesin the quadriceps(RF and
VM). Thesediscrepanciesould be easily explained by
the di Llerencesin power output usedin thesestudiesand
in the methodsusedto determinethe saddleheight [i.e.
100% vs. 95% of the trochanterdength for Jorgeand Hull
(1986) and 102% vs. 120% of the distancebetweenthe
ischial tuberosity and the medial malleolus of the distal
part of the tibia for Ericson(1986]).

In an ewrt to reducehe dragforce,competitive cyclists
can use a clip-on aerchandlebarduring time-trial events.
Decreasingthe frontal area, this more crouched upper
body position(i.e. areaposture)allows a lower wind resis
tance(Capelliet al., 1993 comparedo conventionalpos
tures (i.e. upright postureor droppedposture).However,
in rehabilitation,patientspreferreda more upright posture
becauseét o Llersa more stableposition. To the bestof our
knowledge,only one study focusedon the e wectsof trunk
orientationon the activationpatternof lower limb muscles
(Savelberget al., 2003. They showedthat GMax was sig-
ni gantly more activatedin a crouchedposition compared
to an upright posture.Despite the fact that this position
was not comparableto a standardcompetitive aereposk
tion, theseresultscould partly explainthe highermetabolic
costof pedalingreportedby someauthorsin aereposture
(Gnehmetal., 1997). Furtherresearch is needegd congm
this point.

Pedalingon a gradedsurfaceis an important part of

road cycling competition.In additionto changethe ULGHU TV

orientationto gravitational forces, uphill cycling is often
accompanied bw switch betweerseatedand standingpos
ture.Li andCaldwell (1998) gstshowedthatthe changeof
cycling grade from 0% to 8% (without body position
change)doesnot inducea signi gcantchangethe activation
patternof lower limb musclegqFig. 8). This resultwaslater
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Fig. 8. Ensembleaveragecurvesof EMG linear envelopefor six lower
limb musclesfor threepositions.LS, level seatedUS, uphill seatedST,
uphill standing.All curvesin one panel here used samearbitrary units
on vertical axes. Reprinted from |Li and Caldwell (1998) with
permission.

conamedby|Duc et al. (2006) In contrast,the changeof
pedalingposturefrom seatedto standinga tectsthe inten
sity and timing of EMG activity of the main lower limb

training and competitiontLucia et al., 1998; Faria et aI.,|

correspondingto about 25 h/week. Numerous
studiesprovided evidencethat repeatedperformanceof a

movement task facilitates neuromuscular adaptations,
which resultin more skilled movement(Schneideret al. |

[1989;Osuet al., 2009. Therefore,someauthorswondered
if the high volumeof training observedn elite/professional
cyclistsinducesthe adoptionof a pedalingskill in termsof
lower limb muscle activation patterns{Ryan and Gregor
1992; Takaishiet al., 1998; Hug et al., 2004a; Chapma
etal., 2006;Chapmaret al., 2007).

Based on physiological measurement{Coyle et al.]
[1997), cycling e vciency {Boning et al., 1984 and/orpre-
ferred cadence(Marsh and Martin, 1995, some studies
have suggestedli terencesn musclerecruitmentpatterns
betweenuntrainedand highly trained cyclists [Marsh and

Martin (1995) comparedthe EMG patternsof e lower
limb muscles (VLRF, BF, SOL andGM) between cyclists

and non-cyclists of comparableaerobic aptitudes. Their
results showedno signi gant di lerencebetweenthe two
groupsfor any of the musclestested.In contrasfTakaish]
[etal. (1998)suggestedhat cyclists havea certainpedaling
skill regardingthe positive utilization of knee Zexors (BF)
up to the higher cadenceswhich would contributeto a
decreasein peak pedal force and which would alleviate
muscleactivity for the kneeextensorgVL andVM). In this
line, using MRI technique|[Hug et al. (2006a) recently
showeda selectivehypertrophyof BF in professionakoad
cyclists suggestinga possible causee wect relationship
betweenBF activation and hypertrophy, associatedwith
a specig pedaling skill. However, as mentionedabove,
BF (long head)is a bi-articluar muscleinvolved in knee
fexion and hip extension.Becaus¢T akaishiet al. (1998)
calculatedEMGi valueson 20-s sampleswithout depicting
EMG activity in respectto the crankangle,they were not
ableto preciselydistinguishif the higherBF EMG activity
measuredn cyclistswaslinked to a higherknee Zxion, hip
extensionor both. Recordingleg muscles,lessimplied in
power productionthan hip and knee extensordChapmah
showedlower muscle co-activation, a lower
individual variance and a lower population variance in
highly trainedcyclistscomparedo novices.
To the bestof our knowledgeonly one study was per
formed on professionalroad cyclists (i.e. in the top-400

L8 QICRdiste ,QW H U Q DankirR)Q[EW@ et al.]
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musclesinvolved in pedaling(Li_and Caldwell, 1998; Duc
et al., 200§ (Fig. 8). For instance|Li and Caldwell

1998) observeda greateractivation for GMax, RF and
TA and a longer duration of GMax, RF and VL activity
(Fig-8). It wassupposedhatthis greaterandlonger GMax
activationin standinghelpto stabilizethe pelvis dueto the
removal of the saddlesupport.

4.5. Trainingstatus

Highly trained road cyclists (i.e. professionalor elite
cyclists) cover about 30,000835,000km/year including

[20043. Using two complementarytechniques (surface
EMG and functional MRI), they reported thatthe high
degreeof expertiseof thesecyclistsis not linked to the pro-
duction of a commonpatternof pedaling.Striking di Ler-
encesbetweentheseexpertcyclists were observedfor two
bi-articularmusclesRF andST. Theseresultsarein accor
dancewith thosereportedby|Ryan and Gregor (1992)on
18 experiencedayclists.However,no otherdetailsconcern
ing the cycling experienceof the subjectsweredonein this
later study. Furtherresearchis neededto explorethe link
betweenthis heterogeneityof musclerecruitmentpatterns
andthe mechanicak vciency.It would alsobe interesting




to study the e wectsof a specig cycling training program
(e.g.with EMG feedback)on the activation pattern of
thelower limb muscled(i.e. a crosssectionalstudyin oppo
sition to the transversabnesdepictedin this paragraph).

4.6. Fatigue

of antagonistmusclesunder fatigue conditionsand found
that fatigue of VL increaseBF activation (which actsas
an antagonistin knee extensionmovement).In contrast,
|Hautier et al. (2000) showeda decreasdn co-activation
asagonistforce waslost duringrepeatedprintcycling sug
gesting that muscle coordination could be evciently
adaptedo the loss of contractileforce dueto local muscle

Muscularfatigue wasde medas W K H p ptobhhiexadrJ Hfatigue.This resultwaslatercon amedby|SarreandLepers
the force output, leading to a reduced SH U IR U P OJQ®H]in the courseof a 1-h constantload exerciseper

{Asmussen1979. In this view, fatigue occurssuddenlyat
the point of taskfailure, but the maximal force-generating
capacityof musclesstartsto decline progressivelyduring
exercisesothatfatiguereally beginsbeforethe muscledail

to performedthe requiredtask {Gandevia2003. Hence,a
morerealisticde ¢nition of fatigueis | Deerciseinduced
reductionin the ability to exert muscle force or power,

formed at 65% of maximal power tolerated.In order to
better isolate the direct e uects of neuromuscularfatigue
from the changesof musclescoordination,it is possible
to measureneural (M Wave, voluntary activation, RMS)
and contractile (musculartwitch) propertiesof a muscles
group at variousinstantsof a constartioad pedalingexer
cise.In this way,|Leperset al. (2002)measurecheuraland

regardles®r whetheror notthetaskcanbe V X VW H @ontractile propertiesof the quadriceps(VM and VL) at

[land-Ritchie and Woods,1984. The evolutionmay be fast
or slow, dependingon the e wrt perform, and will lead
sooneror laterto mechanicallydetectablehange®f perfor
mance.Many factorsthat contributeto this evolutiona wect
the surfaceEMG signalandcanbe detectedhroughit.

Classically,the EMG activity progressivelyincreases
during the courseof a continuousisometric exercise of
given force maintaineduntil exhaustionEdwardsandLip-
[pold, 195§. Following[EdwardsandLippold (1956) many
authors explain the increasedEMG amplitude to the
recruitment of additional motor units that take place to
compensate¢he decreasén force of contractionthatoccurs
in the fatiguedmuscle ders.Othersattributetheincreased
EMG amplitudeto an increased ging frequencyand/or
synchronizationof motor unit recruitment(seereview of
or to slowingof muscle Heractionpoten
tial conduction velocity (Linstrom et al., 197Q. This
increasedEMG amplitudewas alsoreportedin quadriceps
musclesduring fatiguing constartioad pedalingexercises
(Petrofsky, 1979; Housh et al., 2000; Saunderset al. |
[2000; Sarreand Lepers,2005.[Hettingaet al. (2006 )stud
ied changesn power outputand EMGi during a 400G m
cycling time-trial. Their results showed a decreasein
mechanicalpoweroutput near the endf the timetrial
accompaniedby anincreasen EMGi for VL andBF mus
cles. They concludedthat this EMGi increasewas consis
tent with a peripherallocus of fatigue, but becauseEMGi
was calculatedover every eachsuccessiv00-m, no spe
ci & EMG patternswere depictedandthus,it is impossible
to know where EMG activity was increasedn respectto
the crankcycle.

As mentionedabove,the rise of EMG activity in the
course of a fatiguing constarioad exercise could be
mainly attributedto progressiverecruitmentof additional
motor units, as fatigue occurs.However, it could also be
assumedhat fatigue induceschangesof the coordination
of thelowerlimb musclesHence,it is di vcult to dissociate
the euwects of neuromuscularfatigue and the putative
changesof lower limb muscle coordinationpatterns.For
instancgPsekandCafarelli (1993)examinedhe activation

eachhour of a 5-h cycling exercise(power output xed at
55% of maximal aerobic power). Their results suggested
that the contractilepropertiesare signi s;cantly alteredafter
the st hour, whereasthe central drive is more impaired
toward the latter stagesof this long-duration exercise
(Fig. 9). Anotherpossiblestrategyto counteracthe e Lects
of fatigue consistsof modifying the activationtiming of the
musclesutilized for performing the movement[Paasukg
[etal. (1999)demonstratethatthe electromechanicalelay
increaseswith fatigue. In consequenceyarious authors
hypothesizedhat muscle activationtiming might also be
in Aienced (. Q D A laid JMolinari, 2003; Billaut et al.,
2005;SarreandLepers,2005.[Billaut etal. (2005)reported
an earlier antagonistactivation (BF) with fatigue occur
rence,while other authorsfailed to show any signi gant
change(. Q D A Wi Molinari, 2003; Sarre and Lepers|
[2005. Furtherstudiesusing the di terenttiming variables
areneededo clarify the in Aienceof fatigue on the coordk
nationof the lower limb muscles.

It is a classicnotionthat muscle derconductionveloc

ity decreasesluring a fatiguing exercise{De Luca, 1984).

Spectralanalysisaims at an indirect estimationof MFCV
changesavertindis alsousedto study
musclefatigue(Merletti etal., 199Q andto infer changesn
motor unit recruitment{Solomonowet al., 1990. Charae
teristic spectralfrequenciescan be computedby a classic
periodogram (Merletti and Lo Conte, 1997, or by
advancedmethodssuch as wavelet analysis (Karlssor)
[etal., 200Q. This latter methodmay be more appropriate
thanthe classicapproachwhenthe signalsare nonstation
ary [Farina et al., 2004H. In supportof this idea,[von|
Tscharner(2002) adopteda waveletanalysisand showed
thatthe shifting of the frequencycomponentshatoccurred
with fatigueis very specig for certainperiodsduring the
crankrevolution. He concludedthat thesespectralanalysis
would re Aecta systematiacchange othe motor unit recruit
ment patternwith pedal position and with fatigue. How-
ever, spectral analysis of EMG signals in dynamic
contractions has been shown to be poorly associated
with neural (e.g. recruitment strategies)and muscular
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Fig. 9. Time courseof changesn the neuromusculapropertiesof the
quadricepanuscleduring a 5-h cycling exerciseperformedat 55% of
maximalaerobicpower.lsometricmaximalvoluntarycontractiortorque
(A), activationlevelestimatedby thesuperimposetivitchmethod B) and
the maximaltwitch torque (C)efore,during (H1, 60ttmin; H2,120th
min; H3, 180thmin; H4, 240thmin), immediatelyafter(H5, 300thmin),
and 30-min after the 5-h cycling exercise.Values are meanst SE.
Statisticallysigni gcantcomparedwith beforeexercisevalues:*, p<0.05
and 7, p < 0.01. Adapted from [Lepers et al. (2002) with
permission.

(e.g. muscle ¢er conduction velocity) factors in nor
fatiguing and fatiguing contractions{Farina, 200§. Thus,
the use of spectral analysi§sEMG during pedalingshould
not be suggestedFor this reason,a more direct technique
basedon multichannel EMG detectionmay be used for
MFCV estimation. Using this technique [Farina et al]
[(2004a}showeda trend of decreasingconductionvelocity
on VL andVM during a fatiguing cycling exercise.

5. Conclusionand perspectives

Although pedalingis constrainedby the circular trajec
tory of the pedals,it is not a simple movement.Individual
patternsof lower limb musclesactivationarefairly steree
typical at given pedalingconditions.However,we showed
that the level and/ortiming of muscleactivation change

as a function of numerousfactors such as power output,
pedalingrate,body position, shoefedalinterface,training
statusand fatigue.

The majority of EMG studiesconcerningpedalinghave
beenpublishedsince2000(33 out of 62 found in Pubmed
with ppu S HG @ L@ Jd 0 *”This can be explainedby
recentadvancesn technology.Indeed,new EMG acquist
tion systemspermiteasyrecordingsof high quality surface
EMG in severalmuscles(up to 16) during unrestricted
movementsgevenin natural situations(and with wireless
electrodedor very recentsystems)Neverthelessto date,
the majority of the studieshavebeenperformedin labora
tory andthus have usedstationarycycle ergometersThis
type of cycle ergometersconstrainsthe lateral bicycle
motion that occursnaturallyin road cycling. Becausehis
constraintcould potentially a uect the pedalingmovement,
it would be importantto comparethe lower limb muscles
activity pattern during pedaling on a stationary bicycle
and on a conventionalbicycle usedin a naturalsituation.

Another direction for future researchis the evaluation
of new deviceswhich continueto be developedand may
enhancecycling performance For instance,a new trans
mission system(Power Crank$") that uncouplesthe right
and left crankso wers a variant on the standardpedaling
task. Basedon empirical observationsnumerouscyclists
areusingthis newdeviceduringtraining sessionslt seems
important that trainers precisely know what acute and
chronicchangesn the patternof lower limb muscleactivity
areinducedby the useof sucha device.

It is evidentfrom the morerecenthistory of movement
studieghataninterdisciplinaryapproachs neededln this
context,t is notpossibleo limit thedescriptionof human
movemento oneparticularaspectin thisline, we should
be establishinglink(s) betweenelectromyographicand
mechanicapatternsduringpedaling Forexamplejnstru
mentedpedalso wer the possibility of determiningthe
mechanica¢ Lectivenessf pedalingConsideringhatl-h
of pedalingcorresponds$o about4800crankrevolutions
(at 80 rpm), it could be postulatedthat even a small
increaseén pedalinge Lectivenessvouldinducesigni gant
gainsin performanceHowever jt isimportantto notethat

this mechanicak wectivenesgannotbedissociatedrom the
neuromusculae vciency.lndeedanoptimalmechanical
pattern(with high e vciency)is not necessarilfinked to
anoptimal neuromusculae vciencyandthusto anopti-
mal grosse vciency,etc. It is postulatedhatdirectEMG
measurement§.e. direct biofeedback)would be useful
(andeasilyusedby coachesndclinicians)for improving
the activationpatternof thelower limb musclesandthus,
therehabilitation/trainingprograms.
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