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Extension and Flexion Power During
Maximal Cycling
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Institute for Health and Sport (IHeS), Victoria University,&bourne, VIC, Australia? Neuroscience Research Australia,
Randwick, NSW, Australia? School of Medical and Health Sciences, Edith Cowan Universj Perth, WA, Australia,
“Department of Neurological Surgery, University of Louidld, Louisville, KY, United States; Kentucky Spinal Cord Injury
Research Center, University of Louisville, Louisville, K¥nited States,® Department of Health and Sport Sciences, University
of Louisville, Louisville, KY, United States

Purpose: To investigate how quadriceps muscle fatigue affects poweproduction over
the extension and exion phases and muscle activation durig maximal cycling.

Methods:  Ten participants performed 10-s maximal cycling efforts whout fatigue
and after 120 bilateral maximal concentric contractions othe quadriceps muscles.
Extension power, exion power and electromyographic (EMGactivity were compared
between maximal cycling trials. We also investigated the asciations between changes
in quadriceps force during isometric maximal voluntary canactions (IMVC) and power
output (exion and extension) during maximal cycling, in adition to inter-individual
variability in muscle activation and pedal force pro les.

Results: Quadriceps IMVC ( 52 21%, P D 0.002), voluntary activation (24 14%, P

< 0.001) and resting twitch amplitude ( 45 19%, P D 0.002) were reduced following
the fatiguing task, whereas vastus lateralisP(D 0.58) and vastus medialis® D 0.15)

M-wave amplitudes were unchanged. The reductions in exterien power ( 15 8%, P

< 0.001) and exion power ( 24  18%, P < 0.001) recorded during maximal cycling
with fatigue of the quadriceps were dissociated from the deases in quadriceps IMVC.
Peak EMG decreased across all muscles while inter-individdi variability in pedal force
and EMG pro les increased during maximal cycling with quadceps fatigue.

Conclusion:  Quadriceps fatigue induced by voluntary contractions leda reduced

activation of all lower limb muscles, increased inter-indidual variability and decreased
power production during maximal cycling. Interestingly, pwer production was further
reduced over the exion phase (24%) than the extension phasél5%), likely due to larger
levels of peripheral fatigue developed in RF muscle and/or ligher contribution of the
quadriceps muscle to exion power production compared to exension power during

maximal cycling.

Keywords: sprint, locomotion, electromyography,
peripheral fatigue

rectus femoris , vastii muscles, motor control, central fatigue,
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INTRODUCTION voluntary contractions Babault et al., 2006; Morel et al., 2D15
Thus, quadriceps fatigue induced in more ecological coodgi
The maximal force-generating capacity of the quadriceps iB8SC may a ect muscle activation of power production di erently.
is an important determinant of performance in numerous voluntary fatiguing contractions of the quadriceps are ljkto
locomotor tasks of maximal intensity such as sprint running o ajter the cortico-motor responsedgkahashi et al., 2011; Sidhu
maximal cycling. More speci cally, individuals displaying lerg et al., 201)and force production by non-exercised lower limbs
force-generating capacity of their quadriceps muscles cadhre muscles idalperin et al., 201y Interestingly, previous studies
higher speeds during sprint running-¢hance et al., 20pand  that used voluntary contractions to induce quadriceps fagig
produce larger levels of power during maximal cyclingri¢s  reported a decreased activation of the hamstring muscles when
et al., 2002; Kordi et al., 201L7During maximal cycling, the tested during knee exion isometric contractionsrpann et al.,
maximal force-generating capacity of the quadriceps is angtro 2011; Kennedy et al., 2015Theoretically, this phenomenon
determinant of power production over the extension phasesould also reduce power production over the exion phase during
with mono-articular vastii (VAS) muscles Contributing 35% maximal Cyc"ng. Add|t|ona||y' fatigue of the quadriceps tles
of the total mechanical energyR@asch et al., 19pthrough s also likely to cause an increased variability of the motor
knee extension powemcDaniel et al., 2014 The bi-articular  command to the lower limb muscles, which could further reduce
rectus femori¢RF) muscle contributes to both knee extensionpower production during maximal cyclingRudsits et al., 20)8
power and hip exion power, and it generates considerablyrherefore, the impact of quadriceps fatigue caused by votynta
more mechanical energy during the exion phase compare@ontraction on muscle activation and power production during
to the extension phase; i.e.50 vs. 5% (an Ingen Schenau, maximal cycling remains to be tested.
1989; Raasch et al., 1997; McDaniel et al., g0Therefore, any ~ The rst aim of this study was to determine the e ect of a
reductions in force production by the quadriceps muscle stoul series of bilateral and voluntary knee extensions on quags
theoretically reduce power production over both the extensio fatigue as well as activation of the lower-limb muscles andgrow
and exion phases of the pedaling movement. production during a maximal cycling e ort. We hypothesized
During prolonged cycling exercise of maximal or near-that voluntary contractions would induce fatigue of centaaid
maximal intensity, fatigue develops for the quadriceps neusclperipheral origins, resulting into a decreased activatiomar-
as evidenced by reductions in isometric maximal voluntaryexercised muscles and reductions in power production oven bot
contraction (IMVC) force. Fatigue reduced VAS and RF EMGthe extension and the exion phases of the pedal cycle during
activity and decreased knee extension power, which ultipatemaximal cycling with fatigued quadriceps. The second aim was
reduces crank power production during maximal cyclilgg(tin - to investigate the association between quadriceps IMVC and
and Brown, 2009; O'Bryan et al., 2014, 20However, fatigue power production over the extension and exion phases during
of the other lower limb muscles is also likely to develop dgri maximal cycling with fatigued quadriceps. We hypothesized
intense cycling as most lower limb muscles are activated @at IMVC of the quadriceps would be a strong determinant
maximal or near-maximal levelsRpu et and Hautier, 2008; of power production during both phases of the pedal cycle in
Dorel et al., 2012; O'Bryan et al., 2014; Rudsits et al.,)2018 apsence of quadriceps fatigue, whereas these associatiatts w
order to determine the e ect of quadriceps fatigue on powerhe weakened due to a reduced activation of other lower limb
production during maximal cycling, fatigue of the quadricepsmuscles and an increased variability in the motor controkeat
muscle was induced using electrostimulation to create3®%  petween individuals during maximal cycling in the presence of

reduction in unilateral IMVC of the quadriceps prior to a quadriceps fatigue of central and peripheral origins.
maximal cycling e ort Brochner Nielsen et al., 20)L.8Using

this fatiguing protocol, impairment of contractile propertie$

VAS, and RF muscles likely caused most of the reductions in t

force produced by the quadriceps muscles. Peripheral fatiguewc?l ETHODS

the quadriceps was accompanied by reduced activation of tfearticipants and Ethics

extensor muscles, which led to ®% decrease in extension phaseror participation in this study, six males and four females
power for the fatigued leg during maximal cycling. Unexpeated! 10) accustomed to regular high-intensity exercise were i@tu
the authors also reported a20% increase in exion phase power (age: 26 4 years; height: 179 6cm; mass: 74 11Kkg;

for the fatigued leg during maximal cycling when peripheralmean SD). Sample size calculations usingP@wer software
fatigue and a 17% decreased activatiBrochner Nielsen et al., (version 3.0.10) determined a required sample sizex @ 8
2018 should have theoretically reduced RF contribution tObased on an a|pha level of 0.05, a power level of 0.95, and the
the exion phase. Because RF muscle contributes0% of assumption that the fatiguing task would lead to large redani
mechanical energy generated over the exion phasei(ngen in maximal force of the quadriceps during knee extension
Schenau, 1989; Raasch et al., 1997; McDaniel et al.), Z014|MVC and maximal cycling power (e ect size> 0.6) Babault
reduced contribution of RF should theoretically have deseeh et a|', 2006; O'Bryan et a|.’ Zolparticipants were free from
power production over the exion phase. Moreover, despite thesny existing cardiovascular, musculoskeletal or neuromiasc
use of a high stimulation frequency, i.e., 70 Kz ¢sprétre etal., disorders. Written informed consent was obtained from each
20179, the fatiguing protocol used bgrochner Nielsen et al. participant, and the study was approved by Victoria University's
(2018)did not cause central fatigue that typically accompaniegjuyman Research Ethics Committee (HRE14-82) in accordance
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with the standards set by the Declaration of Helsinki apawtrir
registration of the study in a database.

to start the maximal cycling trial. During the fourth and Hit
visits, participants completed a standardized warm-up procedur

after which they either performed a brief maximal cyclingatri

. or the fatiguing task immediately before a brief maximallityg
Experlment_a_l Protocol ~ trial. The order of the last two visits was randomized across
Participants visited the laboratory on ve separate ocCasion,aticipants. The maximal cycling trials were performed in-iso

(Figure 1). All visits were scheduled at the same time of daynetjal mode with the same gear ratio used for each participant
( 2h) with at least 72h between visits. Participants werg . oss the visits.

instructed to avoid any strenuous physical activity durirg t
24h preceding each visit. All visits were initiated by a 15-
min standardized warm up on a stationary cycle ergometer
(alternating between 4 and 5min submaximal cycling and 4-6 Baterials and Procedures
maximal e orts) followed by 5 min of passive rest. Maximal Cycling Trials

During the rst session, participants were familiarized with All cycling trials were completed on a custom-built statiopar
maximal cycling trials and neuromuscular testing (NMT) cycle ergometer while participants remained in a seated positio
procedures to ensure test-retest reliability. During theosel  (visually checked by the experimenter). The stationary ecycl
session, participants completed a Force-Velocity (F-V) ogcli ergometer was tted with a heavy ywheel and an 11-speed hub
test to determine the power-cadence relationships of the twgearing system (Al ne SG-S700, Shimano, Osaka, Japan) that
legs over the extension and exion phasésifsits et al., 20)8 was used to manipulate the resistance and therefore the cagenc
Brie y, participants performed four to six 5-6 s maximal e orts reached by the participants during maximal cycling e orts.

in arandomized order over the following cadence range23i)
3t049 13 rpm; (i) 52 13to 109 19 rpm; (i) 67 14to
132 18 rpm; (iv) 98 28to 164 15rpm; and (v) 123 21

Individual seat height (109% inseam height) and handlebar
position were replicated across visits. The stationary cycle
ergometer was tted with 172.5 mm instrumented cranks (Axis,

to 190 17 rpm. During the third visit, participants completed Swift Performance Equipment, Queensland, Australia) fiateed

a fatiguing task of 120 maximal bilateral voluntary contiaes  with clipless pedals (SPD-SL, Shimano). Crank angle, crank
of their quadriceps during concentric knee extension execi torque and radial force signals were recorded from eachlcran
NMT procedures were performed before, 5 and 60 s after the last 100Hz on a computer using the manufacturer software
contraction to determine the time course of recovery frone th (Swift Performance Equipment). For the maximal cyclinglria
fatiguing task, and to verify that fatigue would still be et participants accelerated the ywheel as fast as possible fer 10
after the participants transferred to the stationary cyctgpeneter  from a stationary start against a resistance that was cdattol

. QA QAL 2
SN\ B \E \|||m ll
' WARMUP 10-s MAX CYCLING NMT FATIGUING TASK
- V'
WARMUP FORCE-VELOCITY TEST

Visit #3 5;]{’@"/‘
‘ WARMUP NM

?
4
T

FATIGUING TASK

s b —— &

y WARMUP NMT 10-s MAX CYCLING

» ) 5-s D

G, @A ¥ Lha
WARMUP NMT FATIGUING TASK NMT 10-s MAX CYCLING

FIGURE 1 | lllustration of the experimental protocol. During visit #Iparticipants were familiarized with the 10-s maximal cyelg trial, the neuromuscular testing (NMT)
procedures and the fatiguing task. During visit #2, we detenined the power-cadence relationships for both legs and bdt phases (extension/ exion) in all participants
while determining the gear ratio to be used for visits #4 and%t During visit #3, we assessed fatigue of the knee extensorat 5 and 60 s post-fatiguing task to coincide
with the time that participants would begin the 10-s maximactycling trial during visit #4 or visit #5. The order of visit#4 and #5 was randomized and counterbalanced.
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using the gear ratio. Strong verbal encouragement was pedvid Electromyographic (EMG) Activity

to the participants. We recorded interference EMG signals using wireless DTS
EMG Probes (Noraxon Inc., AZ, USA). Disposable pre-gelled
Ag-AgCl surface electrodes (Blue sensor N, Ambu, Ballerup,

Fatiguing Task o .
The fatiguing task was performed on an isokinetic dynamometeDenmark) were positioned 20-mm apart and aligned parallel to

(ynex o . USA) tedwitha extension arm sesigned e 10710 ML bers, P o e e o
to allow bilateral contractions of the quadriceps. Particijza g fape, prep y 9a

were seated in the dynamometer chair with straps across th“@htly abrading, and cleaning with alcohol. The EMG signals

thorax and pelvis, while hip angle was set at 9@xion were pre-ampli ed ( 500) and digitized by the_sensors before
through adjustments of the back-support orientation. Thebemg transm|t_ted and recorded _at 3’0.00 Hz using MyoResearch
dynamometer arm was positioned 2cm proximal to the software. purlng maximal cycling trla_ls, EMG S|gnals_ were
lateral malleoli of the bula. The fatiguing task consistetl recorded b||atera||yfr.om theastus !ateralls\/L),\{astus medialis
120 maximal bilateral contractions of the quadriceps durin \I/s'\g),ur:ﬁgt[grsalrinzlzrfltqggze) afr:grrkgﬁftgisfenqqairilriﬂggl)\/’l At;gt
concentric knee extension exercise performed in isokinetic . : P A
mode (angular velociD 15.s L knee range of motiorD gastrocngmlus medlg(@AS),soleu:{SOL) .andtlblalls anterior
100-30 exion with O D full extension). Each contraction (TA). During the fatiguing task, EMG signals were recorded

. .- . . bilaterally from VL, VM, RF, and HAM.
required participants to produce a maximal e ort during the
concentric phase only, whilst the experimenter quickly re-se .
the knee angle back to 100exion before the start of the Dat_a AnaIySIS . i .
next contraction (work/rest ratioD 3/1). After each block All S|gqals were processed using Visual 3D software version 5
of 30 contractions, the participants rested passively for 120 QC'MO'“On Inc., Germantown, USA).

. . . l
Continuously ecorded at 100Hz through the cynamometef@Ximal Cycling Trils
All mechanical signals recorded via the instrumented cgnk

software (Humac, 2009 version 10, MA, USA) during the :
L . were low-pass Itered at 10 Hz using a second-order Butterworth
fatiguing task. Strong verbal encouragement was provided

oy t(I)ter. Total pedal forces (ft) applied to the left and right

the participants. ) . .
pedals were calculated using trigonometry. For each side and

each pedal revolution of the maximal cycling trials, we exedc
Neuromuscular Testing (NMT) average power produced by each leg over the extension (top
NMT was completed while participants were seated on thelead center to bottom dead center) and exion phases (bottom
chair of the isokinetic dynamometer used for the fatiguingdead center to top dead center). All power values calculated
task. A custom designed apparatus was used to measure ldfiring maximal cycling in absence of fatigue were compared
quadriceps isometric maximal voluntary contraction (IMVC) to the power-cadence relationship obtained during the Force
torque and muscle twitches evoked through supramaximaVelocity test of the corresponding participant to verify that
electrical stimulation of the femoral nerve. A steel threddod the participants produced near-maximal levels of power with
created a non-compliant connection between a force transduc both legs through extension and exion phases and across all
(AMS-1S Type, AWE, Ingleburn, Australia) and a paddedbedal revolutions Gardner et al., 2009 Forty power-cadence
strap xed 2cm proximal to the lateral malleolus of the relationships were modeled from the data collected during the
bula. The orientation and length of the threaded rod wasForce-Velocity test (i.e., 10 participants 2 legs 2 phases)
adjusted to position the knee joint at 90exion. A constant- using the methods previously describefofel et al., 2005;
current electrical stimulator (model DS7AH, Digitimer, Mg/n  Rudsits et al., 20)8From the data recorded during the Force-
Garden City, UK) delivered single, supramaximal, electricaV/elocity test, we selected the gear ratio allowing eachqipatint
pulses (0.2ms duration) to the femoral nerve. A hand-heldo perform at cadences ranging from15 to 90 rpm during a
dome-shaped cathode (diameter 20 mm) was pressed rmlg0-s maximal cycling e ort performed with no fatigue, ensugin
into the proximal portion of the femoral triangle while a a maximal contribution from the quadriceps to total power
self-adhesive rectangular anode (9050 mm) was positioned production (McDaniel et al., 2014 Additionally, we calculated
in the gluteal fold. Stimuli were delivered when the torqueleft/right power ratio over the extension phase and the exion
plateaued during the IMVC, and again 2s after the end ophase to verify that the e ect of the fatiguing task was evenly
the contraction when the muscle group was fully relaxed. Thelistributed across the two legs.
electrical stimuli were delivered at 1.5the intensity required All raw EMG signals recorded during maximal cycling trials
to elicit a maximal resting twitch torque (231 25mA). were band-pass Itered (20-500Hz), full wave recti ed, and
The analog signal of the force transducer (ampli cati@ smoothed using a 7 Hz low-pass fourth order Butterworth Iter
500) and trigger output from the stimulator were digitized to create linear envelope®Bryan et al., 2004 The amplitude
using wireless sensors (Direct Transmission System [DT$ff these EMG signals was normalized to the peak EMG recorded
Universal Analog Input Probe, Noraxon Inc., AZ, USA) andduring the maximal cycling e ort performed at the end of the
recorded at 3000 Hz using MyoResearch software (Noraxon In@ycling warm-up during the same visiRpu et and Hautier,
AZ, USA). 2008; O'Bryan et al., 20L.4An average EMG prole was
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calculated for VL and VM (VAS), while EMG pro les of the force pro les, as the assumption of normality was still viothte
other muscles were considered separatél\B(yan et al., 2014, after data transformation. A series of Pearson product-mome
2017). Finally, we assessed variability in total forcgiFapplied correlations were used to examine the associations betleéen
to the two pedals and EMG activity of the muscles acrosquadriceps IMVC torque and average power produced over the
the participants by calculating variance ratios (VR) using theextension and exion phases of the left leg during maximal

following equation: cycling without and with quadriceps fatigue, and between
reductions in VA and RT with the decreases in knee extension
P !<D1P T X X % n 1 IMVC torque after the fatiguing task. E ect sizes were caltada
VRD p 'k I_,J — using partial eta squared {P) for repeated measures ANOVAs
iD1 J-nm Xj X =kn 1 (smallD 0.01 - 0.059, moderaf@ 0.06-0.139, large 0.14) and
1 X k _ Cohen'd for paired comparisong{ trivial D 0-0.19, small: 0.2—
Wherd X D ¢ Xi 0.49, moderate: 0.5-0.79, large0.8). All post-hocand paired

comparisons were Bonferroni adjusted. The signi cance leasl
Where k is equal to the number of intervals considered over theset toP < 0.05 and results are reported as mean§D, unless
pedal cycleK D 101);n is equal to the total number of subjects indicated otherwise.
(n D 10); Xjj corresponds to the value at thth interval for
the jth subject; andX; is the average value for thth interval
calculated over th@ subjects Rou et et al., 200R VR values RESULTS

were calculated for each pedal and muscle during the maxim|eyromuscular Fatigue of the Quadriceps

cycling e orts performed in both conditions (no fatigue and gjjateral quadriceps torque values at the start and end of the
post-fatiguing task). fatiguing task were similar during visit #3 and visit #4 or #5
. . (F127 D 1.303;P D 0.264;!?P D 0.05). Quadriceps IMVC
Fatiguing Task and N_euromuscular Testing (NMT). .. measured from NMT during visit #3 showed an e ect of time
From the torque signal recorded from the isokinetic F»1D 26.759P < 0.001 2P D 0.75), with higher quadriceps

dynamometer during the fatiguing task, we calculatgq alvve torque recorded before the fatiguing task (16%7 N m)
average of the peak torque values produced by the participants

. - . : comparedto5s (70 29Nm,dD 1.47)and 60s (77 29 Nm,
during the three initial and the three nal contractions. Bing

NMT, IMVC torque of the left quadriceps was calculated asd D 1.43) after completion of the fatiguing task. Importantly,

an average of the torque measured over a 500-ms Windono signi cant di erence in quadriceps IMVC torque between
. . . . . . ¥ and 60s after the end of the fatiguing task was identi ed
immediately preceding the supramaximal electrical St'mmu?PDOGQS)

delivered to obtain the su_perimposgd tWitF:h (SITapault Frolm thé data collected during NMT performed before and
et al., 2005 Peak pot.entlated resting twitch torque (RT)5S after the fatiguing task preceding the maximal cyclingl tri
and peak-to-peak amplitude of the compound muscle aCtlor(]]uadriceps IMVC torque was reduced (16560 vs. 78 33
potential (M-wave) for VL and VM were calculated from the N'm: P D 0.002,d D 1.34), RT size decreased (48.15 vs. 25
electrically-evoked response elicited 2s after IMVC while th 8 N m Pb 0 602d D 1 é7) SIT size increased (4.42 3.vs
quadriceps muscles were relaxed. Voluntary activation (VA?34 5 6 Nm: I5D O 002('1 D ' 1.27), voluntary activétién wés
was calculated using the equation: YA(1 — SIT/RT) 100as ' ’ oo PR

. ; T reduced (91 4vs.67 14%;P< 0.001dD 1.52), and M-wave
previously establisheddylor et al., 2009; D'Amico et al., 2020 amplitude was unchanged for VL (8.73.8mV vs. 8.9 4.1mV:

ot PD0.58dD 0.07)andVM (10.4 2.4mVvs.11.0 3.0mV;P
Statistics D 0.15dD 0.2). Results from linear regression analyses showed
Statistical analysis was completed using SPSS softwasto(ver that the decrease in quadriceps IMVC torque was associatéd wit

22, Chicago, IL, USA). Normal distribution of the data was . X
examined via a Shapiro-Wilk test, with a transformation apglie Sgugt(l)i?) ?iSS:QSVQA(;? 0.78pPD 0.002) and RT (RB 0.58,

to data violating this assumption depending on the skew.
Repeated measures one-way ANOVA compared left quadriceps

IMVC torque before, 5s and 60's after the end of the fatiguin®?eak EMG Activity During Maximal Cycling

task (visit #3), and NMT variables (i.e. IMVC torque, VA, SIT, The peak EMG values during maximal cycling in absence of
and RT) before and 5 s after the fatiguing task (visit #4 or #5) fatigue ranged from 80to 95% of the values recorded during
series of two-way ANOVAs with repeated measures were used tvaximal cycling at the end of the warm-up. When considering
test; (1) the e ect of condition and side on the mechanical andhe eight muscles recorded from the left leg, we observedsclau
EMG variables recorded bilaterally during maximal cycli(®), e ect (F749D 4.5;P < 0.001; 2P D 0.39) and a condition e ect
the e ect of condition and phase on mechanical variables dyrin (F1 7D 13.8;P < 0.01;! °P D 0.66), but no muscle condition
maximal cycling, and (3) the e ect of condition and musclesinteraction F7,49D 1.3;P D 0.28;! 2P D 0.15), with peak EMG
on the peak EMG during maximal cycling. A non-parametricdecreasing by 10% across the di erent muscleBaple 1). When
Wilcoxon Signed Rank Test examined the e ect of conditionconsidering muscles recorded bilaterally, peak EMG values wer
on inter-individual variance ratios calculated for EMG andsimilarly lowered in VASK1,19D 33.1,P < 0.001} 2pp 0.64),
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FIGURE 2 | Completion of the fatiguing task led to a reduction in quadceps IMVC (ranging from 18to 82%) that was associated with(A) a decrease in voluntary
activation (ranging from 7to 48%); and (B) a decline in resting twitch (ranging from 17 to 76%). P#6 was excluded because of a technical issue with VA
measurement after the fatiguing task

TABLE 1 | Peak EMGs were reduced across all lower limb muscles during aximal cycling with fatigued quadriceps muscle.

Left side Right side
No fatigue Fatigued Muscle effect Condition Muscle No fatigue Fatigued Side Condition Side  condition
quadriceps effect condition quadriceps  effect effect
VAS 9 7 78 10 P < 0.001 P < 0.01 PD0.28 89 7 76 9 PDO0.3 P < 0.001 P D 0.68
RF 93 3 83 13 92 8 77 19 PDO0.28 P < 0.05 P D 0.06
HAM 83 9 67 12 84 11 72 15 P DO0.16 P < 0.01 PD 041
GMAX 87 6 76 16
GAS 85 9 83 16
SOL 93 7 84 11
TA 87 8 72 13

Results are reported as mean SD. Signi cant effects values were highlighted in bold.

RF F1,8D 10.6,P< 0.05; 2PD 0.57) and HAM musclesfy 7D of fatigue and after the fatiguing taskiy9 D 1.0;P D 0.34;
21.7,P< 0.01; 2P D 0.76) following the fatiguing task. 2P D 0.10).

Power Production During Maximal Cycling
During maximal cycling in the absence of fatigue, particigant Re|ationships Between Qua_driceps IMVVC
produced near maximal levels of power using both legs and ove|t‘orque and Power Production During
the extension and exion phases 95 and 90% of cadence . .
Maximal Cycling

speci ¢ maximal power, respectively) of the pedaling movement, he ab ¢ Tati imal dri c
During maximal cycling after the fatiguing task, power wagh the absence 0 atigue, maximal quadriceps IMV torqu-e
produced at lower cadenceBi(1o D 45.3;P < 0.001;! 2P D was correlated with average power produced over the extension

0.71;Figure 3. Absolute power production was reduced overPhase R D 0.78;P < 0.001) and average power produced
both the extension phasé{¢ D 14.8;P < 0.01;!2P D 0.62) Over the exion phase R D 0.66;P < 0.01) during the
and the exion phaseR1 gD 15.2;P < 0.01;! 2P D 0.63), with subsequent maximal cycling trialFigures 4A,B. After the
comparable changes across the legs as indicated by a lackf@fguing task, no associations between maximal quadriceps
condition  side interaction Table 2. A condition phase IMVC torque and power produced over the extension phase
interaction revealed greater relative reductions in poveerthe  (R? D 0.06;P D 0.52), nor power produced over the exion
exion phase compared to the extension phase24 18 vs. phase RZ D 0.07;P D 0.49) were observedFigures 4C,D.

15 8%,F1 10D 21.4P< 0.001{ 2P D 0.53). Similar left/right Moreover, the relative reductions in quadriceps IMVC torque
power ratios during the extension and the exion phases werevere not associated with relative reductions in average powe
calculated for the maximal cycling trials performed inthsabce over the extension phaseR{ D 0.15; P D 0.30), nor
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resistance was used across both conditions.
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FIGURE 3 | Changes in cadence and power (average SEM) seen across the maximal cycling trials completed in thabsence of fatigue (black symbols) and
following the fatiguing task (white symbols). The dotted awes show the average power-cadence relationships obtairefrom the Force-Velocity test for each leg and
each phase of the pedaling movement. Both maximal cycling ials were initiated with the left crank positioned just befe top dead center while the same external

average power over the exion phasB2(D 0.02;P D 0.72)

(Figures 4E,F.

Variability of Pedal Force and EMG Pro les
During Maximal Cycling

Increased variance ratios were calculated for the EMG profes
the eight lower limb muscles collectiveR € 0.001) and the &
pro les (Left: P D 0.028 and Right? D 0.005) during maximal

cycling after the fatiguing taslke{gure 5).

DISCUSSION

contractions caused both a reduction of voluntary activaténd
impairments of the contractile properties of the quadricepg tha
resulted in a 50% group average decrease in the quadriceps
IMVC. Quadriceps fatigue was accompanied b}0% reduction

in peak EMG across all lower-limb muscles during subsequent
maximal cycling. Altogether, these changes resulted ircesdse

of power production over the extension (@5%) and the
exion ( 24%) phases. The second aim was to investigate the
association between quadriceps IMVC and power production
over the extension and exion phases during maximal cycling
with fatigued quadriceps. Knee extensors IMVC and power
production during maximal cycling were well correlated prior
The rst aim of this study was to determine the e ect of a to fatigue but no longer correlated after the fatiguing task
series of bilateral and voluntary knee extensions on quags Furthermore, there was no association between the redugiio
fatigue as well as activation of the lower-limb muscles angower production during maximal cycling and the reductions in
power production during a maximal cycling e ort. The voluntary quadriceps IMVC.
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TABLE 2 | Participants produced near maximal levels of power during mximal cycling in absence of fatigue over the extension and »@on phases of the pedal cycle.

Left side Right side
No fatigue Fatigued quadriceps No fatigue Fatigued quadricep s P values
Extension power (W) 635 164 525 128 607 156 516 122 Side: 0.70 Cond: < 0.01 Int: 0.82
Flexion power (W) 114 41 82 26 120 52 86 33 Side: 0.40 Cond: < 0.01 Int: 0.56
Extension power (%) 95 5 84 7 94 4 84 7 Side: 0.45 Cond: < 0.001 Int: 0.22
Flexion Power (%) 88 9 68 21 87 6 69 16 Side: 0.87 Cond: < 0.01 Int: 0.63

Following the fatiguing task, we observed reductions extension powemal exion power across both legs. Signi cant effects values were highligted in bold.

Quadriceps Fatigue After the Voluntary a series of fatiguing voluntary contractions. This discrepais
Contractions likely due to the development of central fatigue that resiftem

Completion of 120 voluntary contractions led to large lewafls the voluntary contractions but not from the electrostimtitm
fatigue in both quadriceps, as shown by similar reductions iProtocol used byBrochner Nielsen et al. (2018Additionally,
knee extension torque measured at the end of the fatiguisk ta the reduced activation of all lower limb muscles could re ext a
and 5-s later during NMT. As anticipated, quadriceps musclédjustment made by the supraspinal centers to maintain whole-
fatigue resulted from central and peripheral mechanisms. ThBody homeostasis_@mbert et al., 200when maximal cycling
central component of fatigue was evidenced by a decrease ifh Performed with high levels of peripheral fatigue in a large
VA (Figure 2A), re ecting a reduced ability of the participants Muscle group. Finally, the absence of substantial changtin
to voluntarily activate their quadriceps musclegqtel et al., EMG patterns aside from the reductions in peak EMG may be
2019. The peripheral component of fatigue was evidenced biterpreted as evidence that the spinal central pattern geaesa
a reduction in the amplitude of the resting twitctFigure 2B),  retained control over the coordination patterRgasch and Zajac,
whereas no major changes in sarcolemma excitability of VL999; Hug etal., 20)0
and VM were identi ed from analysis of M-wave amplitudes. ] ] )
As quadriceps IMVC torque, VA and RT values were similaChanges in Extension Power During
when measured 5 and 60s after the end of the fatiguing tag¥laximal Cycling
during Visit #3 (see als@€heng and Rice, 2005; Froyd et al.In line with previous ndings Qriss et al., 2002; Kordi et al.,
2019, the changes in power production and muscle activatiorp017, knee extension IMVC was a predictor of power production
during maximal cycling after the end of the fatiguing taskover the extension phase during maximal cycling in absence
were interpreted in light of reduced voluntary activationdan of fatigue, Figure 4A). After the fatiguing task, we observed
impairments of the contractile properties of the quadricepsa  15% group average decrease in extension power during
muscles. A limitation of our study is that changes in volugta maximal cycling Figure 3), which likely resulted from the
activation and the resting twitch represent the sum of respsns impact of reduced voluntary activation and impairments of the
from all the knee extensors so that we could not dissociate thcontractile properties of the quadriceps musclEg(re 2). The
etiology and magnitude of fatigue in the VAS and RF muscles. amount of energy directly transmitted by VAS muscles to the
cranks over the extension phase was likely reduced following
Changes in EMG Activity During Maximal the fatiguing task\(an Ingen Schenau, 1989; Raasch et al., 1997;
Cycling McDaniel et al., 2014 Importantly, the decreased activation

As shown inTable 1, VAS and RF muscles were near-maximally®’ GMAX, HAM, GAS and SOL muscleddble ]) also likely

activated during maximal cycling in the absence of fatigu&ontributed to reducing the energy transferred from theiro
(Rou et and Hautier, 2008: Dorel et al., 201ZThe reduced the pedal over the di erent portions of the extension phase.

EMG activity seen in VAS and RF muscles during maximal . . . .

cycling with fatigued quadriceps seems related to the rédnct Changes in Flexion Power During Maximal

in voluntary activation of this muscle group after the fating Cycling

task, as we did not detect changes in M waves. Because tbharing maximal cycling after the fatiguing task, we observe
fatiguing task consisted of voluntary contractions, VAuetlons a 24% group average decrease in exion powEig(re 3

are likely to be associated with reduced excitability of thevhich can also be partly explained by reduced voluntary
motoneurones innervating the quadricepsir{n et al., 2018; activation and impairments of the contractile properties of RF
D'Amico et al., 202D and inadequate output from the motor muscle Figure 2). Because the bi-articular muscle presents a
cortex (Goodall et al., 2010; Takahashi et al., 2011; Sidhu et ghigher percentage of type Il muscle bers §2 vs. 54%)
2019. In contrast with previous ndings reported following compared to the VAS musclesidhnson et al., 19)3it is
quadriceps fatigue induced using electrostimulati@Grachner  possible that RF muscle experienced more severe impairments
Nielsen et al., 20)8 we observed a reduction of peak EMGof the its contractile properties compared to VAS so that
across all the lower-limb muscles during maximal cyclingmaf the force-generating capacity of the bi-articular muscle was
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FIGURE 4 | Correlations between quadriceps IMVC and extension powefA) and exion power (B) during maximal cycling in the absence of quadriceps fatigue
Correlations between quadriceps IMVC and extension powefC) and exion power (D) during maximal cycling with quadriceps fatigue. Correlains between changes

in quadriceps IMVC and changes in extension powe(E) and exion power (F) during maximal cycling following the fatiguing task. All alyses were performed from
data collected from the left side.

further reduced. In addition to central and peripheral fatgu was associated with fatigue-related increases of ringrofig
of RF muscle, we observed a decreased activation of HAM anll/IV a erents in the ipsilateral knee extensors\(nann et al.,
TA muscles Table 1). Our results are in agreement with the 2011; Kennedy et al., 201l%entral and peripheral fatigue of
decreased EMG activity reported in the hamstring muscles th&F combined with a reduced activation of HAM and TA likely

Frontiers in Sports and Active Living | www.frontiersin.gr 9 January 2022 | Volume 3 | Article 797288


https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org
https://www.frontiersin.org/journals/sports-and-active-living#articles

O'Bryan et al. Quadriceps Fatigue Affects Maximal Cycling

FIGURE 5 | Average pro les for total pedal force (kt) and EMG activity obtained for each participant on the leftide (black curves) and right side (gray curves) during
maximal cycling without and with quadriceps fatigue. Noteltat EMG for seven muscles was recorded on the left, and only tke muscles on the right. Larger variance
ratios (VR) were calculated for & (* indicatesP < 0.05) and across the different EMG pro les < 0.05) after the fatiguing task. The start/end of the pedal cyles
were de ned when the left crank was at top dead center while makmal cycling trials were initiated with the left crank posined just before top dead center.

reduced energy transferred from the limb to the pedal over thais from the opportunity to study the e ect of fatigue on the
exion phase Raasch et al., 19R7nterestingly, we observed a various joint powersi{lartin and Brown, 200R

larger decrease in exion power compared to extension power

when expressed in relative termsZ4 vs. 15%; se@&able 2. To .. .
explaintEe larger relative reductign in exion power, Weapropos Association Between Quadriceps IMVC

that RF muscle experienced larger levels of peripheral fatig@gnd Power During Maximal Cycling

than VAS muscles and that RF makes a larger contribution tén line with previous reports, we observed positive association
the mechanical energy transmitted to the crank over theoexi between quadriceps IMVC and extension power but also exion
phase compared to the contribution made by VAS over thgower produced during maximal cycling in absence of fatigue
extension phase. Another limitation of our study is that we di (seeFigures 4A,B respectively). To the best of our knowledge,
not record the kinematics of the lower limb segments, preient the association between quadriceps IMVC and exion power
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has not been previously reported and may be explained by tHEMG pro les of most lower-limb muscles, which likely also
large RF muscle contribution (50%) to the energy directly contributed to reducing power production during maximal
transmitted to the cranks over the exion phase during maximacycling Rudsits et al., 20)8 Ultimately, the reductions in
cycling in the absence of fatiguean Ingen Schenau, 1989; extension and exion power during maximal cycling were not
Raasch et al., 1997; McDaniel et al., 20Hbwever, quadriceps correlated with the reductions in quadriceps IMVC measured
fatigue abolished these associations so that the indilsdalale through knee extension, providing another illustration of
to produce larger quadriceps forces following the fatiguiagkt how motor redundancy a ects performances produced during
were not necessarily those who could produce higher levetomplex movements.

of power during either the extension or the exion phases of

maximal cycling (seBigures 4C,D). Additionally, the magnitude DATA AVAILABILITY STATEMENT

of the changes in quadriceps IMVC was not associated with the

magnitude of the changes in power produced over the extensiofihe raw data supporting the conclusions of this article will be
and exion phases during maximal cycling after the fatiguingmade available by the authors, upon request.

task Figures 4E,|. These results may be explained by increased

inter-individual variability of the force and EMG pro les durg

maximal cycling with fatigued quadricepg-igure 5. Each ETHICS STATEMENT

participant_ may have adquted the activation of their lowemti o gpgies involving human participants were reviewed and
mugcles di erently according to the motor abundapcgqered byapproved by Victoria University Human Research Ethics
their musculoskeletal systeradtash, 201pand the individuals’ - qmmittee (VUHREC). The patients/participants provided their

prior experience with similar exercisesiifg et al., 201p For , won informed consent to participate in this study.
example, some individuals may have tried to maximize ex¢ensi

power through activation of the gluteus maximus, while other
attempted to maximize exion power at the expense of extensioMUTHOR CONTRIBUTIONS
power. The dissociation between quadriceps IMVC and power
production during maximal cycling could also be explained byDR, JT, JD'A, and SO'B contributed to conception and design of
discrepancies across individuals in terms of the distributif the  the study. SO'B collected the data and performed the staistic
power generating capacities among the lower-limb muscles. Fanalysis. SO'B and DR wrote the rst draft of the manuscript.
example, we can expect di erences in the ratio between the forég0'B, JT, and DR wrote sections of the manuscript. All authors
generating capacity of the GMAX and VAS across individualszontributed to manuscript revision, read, and approved the
which would likely a ect the decrease in extension power cdusesubmitted version.
by quadriceps fatigué\{artin and Brown, 200R

To conclude, we observed that pronounced levels OIEUNDING
fatigue in the quadriceps resulting from central and periphera

mechanisms of fatigue reduced activation of all Iower-limb':undmg was received for SOB through an Australian

. 0 .
muscles and decreased power production b§5% during Postgraduate Award. Funding was received from the Institute

. 0 X .
the. extenspn phasg and 24% during the exion phasg for Health and Sport (IHeS) at Victoria University for the open
during maximal cycling. We postulate that larger relative S

access publication fees.

reduction in exion power during maximal cycling with fatigad
quadriceps muscles can be explained by larger impairments

of the contractile properties for RF associated with a higheACKNOWLEDGMENTS

contribution of quadriceps muscles to the mechanical energy

transmitted to the crank over the exion phase comparedThe results of the study are presented clearly, honestly,
to the extension phase. Quadriceps fatigue also led tand without fabrication, falsication, or inappropriate
increased inter-individual variability of the total for@nd the data manipulation.

REFERENCES during a sprint cycling task.Med. Sci. Sports Exer&0, 1394-1404.
doi: 10.1249/MSS.0000000000001572

Amann, M., Blain, G. M., Proctor, L. T., Sebranek, J. J., Pegelo#,.,and  Cheng, A. J., and Rice, C. L. (2005). Fatigue and recovery of pmsiésometric

Dempsey, J. A. (2011). Implications of group Il and IV muscle aerents torque following isotonic knee extension3. Appl. Physiol99, 1446-1452.

for high-intensity endurance exercise performance in humdn®hysiol589, doi: 10.1152/japplphysiol.00452.2005

5299-5309. doi: 10.1113/jphysiol.2011.213769 D'Amico, J. M., Rou et, D. M., Gandevia, S. C., and Taylor, J2D20). Unlike
Babault, N., Desbrosses, K., Fabre, M.-S., Michaut, A., andssBou voluntary contractions, stimulated contractions of a hand muscle ndo

M. (2006). Neuromuscular fatigue development during maximal reduce voluntary activation or motoneuronal excitabilifly Appl. PhysiolL28,

concentric and isometric knee extensionk. Appl. Physiol100, 780-785. 1412-1422. doi: 10.1152/japplphysiol.00553.2019

doi: 10.1152/japplphysiol.00737.2005 Dorel, S., Guilhem, G., Couturier, A., and Hug, F. (2012). Adjustneémuscle
Brochner Nielsen, N. P., Hug, F., Guevel, A., Colloud, F., Lardyant, coordination during an all-out sprint cycling taskled. Sci. Sports Exed,

Dorel, S. (2018). Changes in motor coordination induced by loatibfie 2154-2164. doi: 10.1249/MSS.0b013e3182625423

Frontiers in Sports and Active Living | www.frontiersin.gr 11 January 2022 | Volume 3 | Article 797288



O'Bryan et al.

Quadriceps Fatigue Affects Maximal Cycling

Dorel, S., Hautier, C., Rambaud, O., Rou et, D., Van Praagh, &pur, J.-R.,
et al. (2005). Torque and power-velocity relationships in cyclingvance to
track sprint performance in world-class cyclidtst. J. Sports Me@6, 739-746.
doi: 10.1055/s-2004-830493

Driss, T., Vandewalle, H., Le Chevalier, J. M., and Monod, H. (26@2Fe-velocity
relationship on a cycle ergometer and knee-extensor strengticesdCan. J.
Appl. Physiol27, 250-262. doi: 10.1139/h02-015

Finn, H. T., Rouet, D. M., Kennedy,
J. L. (2018).
during a fatiguing submaximal isometric contractiod. Appl. Physiol
0.2%5:239. 10.1152/japplphysiol.00739.2017

Froyd, C., Millet, G. Y., and Noakes, T. D. (2013). The developmipeidpheral
fatigue and short-term recovery during self-paced high-intensiterciseJ.
Physiol591, 1339-1346. doi: 10.1113/jphysiol.2012.245316

Gardner, A. S., Martin, D., Jenkins, D., Dyer, I., Van EidenBarras, M., et al.
(2009). Velocity-speci c fatigue: Quantifying fatigue duirariable velocity

cycling.Med. Sci. Sports Exedd.:904. doi: 10.1249/MSS.0b013e318190c2cc

Goodall, S., Ross, E. Z., and Romer, L. M. (2010). E ect of gragipdxia on
supraspinal contributions to fatigue with unilateral knee-extencontractions.
J. Appl. Physiol09, 1842-1851. doi: 10.1152/japplphysiol.00458.2010

Grosprétre, S., Gueugneau, N., Martin, A., and Lepers, R. (20lbtraC
contribution to electrically induced fatigue depends on stimulaticequency.

Med. Sci. Sports Exef@, 1530-1540. doi: 10.1249/MSS.0000000000001270

Halperin, 1., Copithorne, D., and Behm, D. G. (2014). Unilateral isaioet
muscle fatigue decreases force production and activation ofalaéral knee
extensors but not elbow exorsAppl. Physiol. Nutr. Metab39,1338-1344.
doi: 10.1139/apnm-2014-0109

Hug, F., Turpin, N. A, Guevel, A., and Dorel, S. (2010).
interindividual variability of EMG patterns in trained cyclists redd
to dierent muscle synergies?J. Appl. Physiol. 108, 1727-1736.
doi: 10.1152/japplphysiol.01305.2009

Johnson, M., Polgar, J., Weightman, D., and Appleton, D. (1978)aDn the
distribution of bre types in thirty-six human muscles: an autopsydy. J.
Neurol. Scil8, 111-129. doi: 10.1016/0022-510X(73)90023-3

Kennedy, D. S., Fitzpatrick, S. C., Gandevia, S. C., and Taylor(2015). Fatigue-

related ring of muscle nociceptors reduces voluntary activationpsilateral
but not contralateral lower limb muscles. Appl. Physiol118, 408-418.
doi: 10.1152/japplphysiol.00375.2014

Kordi, M., Goodall, S., Barratt, P., Rowley, N., Leeder, J., and tdowaG.
(2017). Relation between Peak Power Output in Sprint Cycling aagiiium
Voluntary Isometric Torque Productionl. Electromyogr. Kinesi8b, 95-99.
doi: 10.1016/j.jelekin.2017.06.003

Lambert, E. V., St Clair Gibson, A., and Noakes, T. D. (2005). Comple

systems model of fatigue: integrative homoeostatic control ofpperal
physiological systems during exercise in humdrs.J. Sports Me@®9, 52-62.
doi: 10.1136/bjsm.2003.011247

Latash, M. L. (2012). The bliss (not the problem) of motor abundafres
redundancy)Exp. Brain. Re17, 1-5. doi: 10.1007/s00221-012-3000-4

Lehance, C., Binet, J.,, Bury, T., and Croisier, J.-L. (2009)scMar
strength, functional performances and injury risk in professionald a
junior elite soccer playersScand. J. Med. Sci. Sporl®, 243-251.
doi: 10.1111/j.1600-0838.2008.00780.x

Martin, J. C., and Brown, N. A. (2009). Joint-specic power prodomt
and fatigue during maximal cycling.J. Biomech. 42, 474-479.
doi: 10.1016/j.jbiomech.2008.11.015

McDaniel, J., Behjani, N. S., Elmer, S. J., Brown, N. A., and Makti€. (2014).
Joint-speci ¢ power-pedaling rate relationships during maximal cyglid.
Appl. Biomech30, 423-430. doi: 10.1123/jab.2013-0246

Morel, B., Clemencon, M., Rota, S., Millet, G. Y., Bishop, D. J., 80s0.,
et al. (2015). Contraction velocity in uence the magnitude artblegy of
neuromuscular fatigue during repeated maximal contracti®sand. J. Med.
Sci. Sport&5, e432-441. doi: 10.1111/sms.12358

D. S., Green, S., and Taylor,
Motoneuron excitability of the quadriceps decease

O'Bryan, S. J., Billaut, F., Taylor, J. L., and Rou et, D. M. (20&¥ee extensor
fatigue developed during high-intensity exercise limits lowethli power
production.J. Sports Sci--8. doi: 10.1080/02640414.2017.1349922

O'Bryan, S. J., Brown, N. A., Billaut, F., and Rou et, D. M. (20XZhanges in
muscle coordination and power output during sprint cyclingeurosci. Lett.
576, 11-16. doi: 10.1016/j.neulet.2014.05.023

Raasch, C. C., and Zajac, F. E. (1999). Locomotor strategy fdalipg:
muscle groups and biomechanical functiords. Neurophysiol82, 515-525.
doi: 10.1152/jn.1999.82.2.515

Raasch, C. C., Zajac, F. E.,, Ma, B., and Levine, W. S. (1997clev
coordination of maximum-speed pedaling). Biomech.30, 595-602.
doi: 10.1016/S0021-9290(96)00188-1

Rouet, D. M., and Hautier, C. A. (2008). EMG normalization toudy
muscle activation in cycling.J. Electromyogr. Kinesioll8, 866-878.
doi: 10.1016/j.jelekin.2007.03.008

Rou et, D. M., Mornieux, G., Zameziati, K., Belli, A., and HautieC. A.
(2009). Timing of muscle activation of the lower limbs can be moddlate
maintain a constant pedaling cadendeElectromyogr. KinesiaB, 1100-1107.
doi: 10.1016/j.jelekin.2008.11.014

Rudsits, B. L., Hopkins, W. G,
M. (2018). Force-velocity test
methodological recommendations.J.
doi: 10.1152/japplphysiol.00719.2017

Sidhu, S. K., Weavil, J. C., Mangum, T. S., Jessop, J. E., R@haRIsS.,
Morgan, D. E., et al. (2014). Group llI/IV locomotor muscle a ererater
motor cortical and corticospinal excitability and promote centraigiae during
cycling exerciseClin. Neurophysiol128, 44-55. doi: 10.1016/j.clinph.2016.
10.008

Takahashi, K., Maruyama, A., Hirakoba, K., Maeda, M., Etoh, 8naira, K.,
etal. (2011). Fatiguing intermittent lower limb exercise in uescorticospinal
and corticocortical excitability in the nonexercised upper liBbain Stimul .4,
90-96. doi: 10.1016/j.brs.2010.07.001

Taylor, J. L., De Haan, A., Gerrits, K. H. L., and De Ruiter, C. 009p
Point:Counterpoint: The interpolated twitch does/does not pravid valid
measure of the voluntary activation of muscle Appl. Physioll07, 354—-357.
doi: 10.1152/japplphysiol.91220.2008

Ting, L. H., Chiel, H. J., Trumbower, R. D., Allen, J. L., McKay, JHackney,

M. E., et al. (2015). Neuromechanical principles underlying movement
modularity and their implications for rehabilitationNeuron 86, 38-54.
doi: 10.1016/j.neuron.2015.02.042

van Ingen Schenau, G. J. (1989). From rotation to translatiamstraints on multi-
joint movements and the unique action of bi-articular muscles Erarticle).
Hum. Move. ScB, 301-337. doi: 10.1016/0167-9457(89)90037-7

Hautier, C. A., and Rouet, D.
on a stationary cycle ergometer:
Appl. Physiol. 124, 831-839.

Con ict of Interest: The authors declare that the research was conducted in the
absence of any commercial or nancial relationships that coulddmestrued as a
potential con ict of interest.

Publisher's Note:All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their a liated organaa, or those of

the publisher, the editors and the reviewers. Any product that magJaluated in
this article, or claim that may be made by its manufacturer, is notauiged or
endorsed by the publisher.

Copyright © 2022 O'Bryan, Taylor, D'’Amico and Rou et. This is an -@peBss
article distributed under the terms of the Creative CommAdribution License (CC
BY). The use, distribution or reproduction in other forumgeisnitted, provided
the original author(s) and the copyright owner(s) are @ddind that the original
publication in this journal is cited, in accordance withegted academic practice.
No use, distribution or reproduction is permitted whichsdu® comply with these
terms.

Frontiers in Sports and Active Living | www.frontiersin.gr 12

January 2022 | Volume 3 | Article 797288



	Quadriceps Muscle Fatigue Reduces Extension and Flexion Power During Maximal Cycling
	Introduction


