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Abstract

Changes.inmuscle fasciclanechanics have begostulatedto underpin the repeated bout
effect (RBE) observed followingxerciseinducedmuscle damage (EIMDHowever, in the
medial gastrecnemiu@ViG), mixed evidence exist on whether fascicle sttch amplitude
influences_the level oEIMD, thus questioning whether changes in fascitiechanics
underpin the RBE. Anleernativehypothesis ishatneural adaptationsontribute tahe RBE

in this muscle The aim of this study was to investigate neuromechanical adaptations during
and after repeated bouts of a highly controlfedsclelengtheningexercisethat aimed to
maximise EIMD inMG. Twenty subjects performed two bouts of 500 active lengthening
contractions (70% of maximal activation)of the triceps suraeseparated by7 days
Ultrasound constructed fascicknigthtorque (L-T) curves ofMG, surface electromyography
(EMG), maximum torqueroduction andnusclesorenessvere assessed before, 2 hours and
2 days after each exerci®mut The drop in maximum torqued%) and the increase in
muscle sorenes24%) following the repeated bouteresignificantly less than following the
initial bout«(8%-and 59%espectively)indicating aRBE. However, nahift in the L-T curve,

nor changes IKEMG parametersvere presentFurthemore muscle properties during the
exerciseweremnot relatedto the EIMD or RBE. Our results show that there are no global
changes in gastrocnemius mechanical behaviour or neural activation that couid gla
observed RBE#in this muscle. We suggest that adaptations in theontractile elements of

the muscle arékely to explain the RBEn the triceps surae

(250/250 werds)

I ntroduction

Exerciseinduced muscle damage (EIMDften occurs after the performance of an
unaccustomed bout of exercise that contains eccentric (lengthening) contractions. The effects
of EIMD typically include muscle soreness that peaksd84r postexercise and a sustained

decrease in the force producing capacity of the mudseéthough the in vivomechanisms
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underpinning the mechanical adaptations followlBdMD are still debated mechanical
factors such as stretch amplitfdé intensity of contraction, and the number of contractions

® have all been shown to alter the degree of EIMD and particularly force loss after an initial

bout of exercise. However, the response also seems to be muscle dependent, with lower limb

musclesrless'susceptible to damage under similar loading conditions thatirappauscles

"8 Regardless ¢the stimulusthat inducesEIMD, it seems thaheuremuscularadaptations

after damage afford protection frothe effects of muscle damage snbsequent bouts of
similar exercise; known as the repeated bout effRBE) °'°. There are several suggested
mechanismgor,the RBE, ranging from sarcomerogenesis (addition of serial sarcomeres in
fibres) ' \.changes in connective tissue compositidl® and changes in neural control
101413 \While fithis uncertainwhether one or a combination of these mechanisms are
responsible for'the RBHi, is clear is thathe RBEis a multifactorialphenomenonvhich is

likely to be highly muscland exercise specific.

Recent investigations into muscle damage in the humarmgasmius muscle have
shown that.this/muscle is relatively resilient to muscle damage, most likely due to the fact
that the muscle/is protected from excessive stretdtstigng and compliant Achilles tendon
1617 HoWwever, therés recent conflicting evidence as to what factors lead to force loss due to
EIMD in this.muscle group. Whilehe amplitudeof fascicle stretch isnost likely related to
stretch amplittide in isolated muscle fibfegor the most parthe gastrocnemius priribyr
acts on the ascending limb of its lenggnsion relationship®, where itis likely to be less
susceptiblé to fibre damagdeln vivo studieon the human medial gastrocnemiiG) have
shownmixed evidenceas towhether the stretch amplituaé the fascicles (measured using
ultrasound imaginghas an effect on overall EIMD. Hoffman et &|.employed sackward
downhill walking protocol (1 h to induceEIMD andfound no relationship between the
final length.to.which the muscle fascislevae stretché and the presence or amount of
muscle damage" incurred. By contrast, Guilhem et sliggested that themount ofstrain
elicited by=10=sets of 30 maximal isokinetic eccentric contractions of pldexard, had a
strong linearinfluence onthe amount of drop in maximum voluntamprque found
immediatelyafter the exercise. There is a cleHfferencein the protocols used tmduce
EIMD which might account for the different resulta addition, while theGuilhem et al.
study suggested th&rger amplitude stretches would elicit larger force drops, they did not

relate torque drops to optimum fascicle lengths and their MVC torque resuotisdiately
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postexercisemay be influenced by muscfatigue®. Thus,the relationship between fascicle
strainand EIMD during a bout of exercise requires further investigation.

Although the gastrocnemiuand indeed soleusnuscles appearless susceptible to
EIMD thanupper body musclagfese muscles have been showadaptafter an initial bout
of exercisé and hence confer the RBIor instance, he triceps surae muscle group as
whole showseduced force losand attenuated muscle sorengdbwing subsequent bouts
of eccentric exercisE. The previous study by Hfshan et a'’, did not demonstrate a shift in
the optimal_length of the gastrocnemius muscle in the i@&kving the initial damaging
bout with ng_apparent difference in the fascicle strains experieduedg the exerciseln

addition there'was no change in the operating length of the fascicles during titeddjmait

of exercise. This suggests that adaptations other than whole scale sarcomerogenesis might be

at play in protecting the muscle from damage in subsequent Béamgever, the strains
experienced during the exercisethis study(backward walkingwere relatively low (~10%

optimum length) and involed variable muscle activation, different joint kinematics and

diverse faseicle/stretch in every stride. While some studies suggest that in vastus lateralis a

lesser facicle strairand earlier tendon elongation during the exercise are associated with the

RBE'® this"may not bérue for the gastrocnemius, dueits tendonscapacity tobuffer fibre
elongation'’..Overall the muscle properties during the exercise libat arerelated with
EIMD and RBE are still not well understood.

At the neural levelreports of decreased frequency parameters without a significant

change in signal amplitude in the elbow flexsarface electromyogna (EMG) have been
interpreted_as_a sign that reduced actiofyfasttwitch motor units during the second
eccentric boumight contribute to the RBE**® However, these findings have not been found
in lower limb.musclesike the hamstring®’. It is possiblehat adaptations in the sarcolemma,
resulting infarslowing of action potential conduction velocity, may explain the aligzetta
frequencyeharacteristics in the elbow flexors rather than specific damaugge fasttwitch
fibres. To.eur knowledge, there are no studied have investigatetthe neural adaptations

related tahe"RBE in the human gastrocnemius muscle.

To better understand the mechanicsedMD and the RBE in the gastrocnemius
musclewe employdhere ahighly controlled eccentric contraction protocol over a relatively

large range ofjoint motion to examine the responsetbé neuromuscular system to the
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repeated boutFurther, because mechanical adaptations that underpin the RBE may occur
during theexercise bodf (e.g. changes in fascicle strain or operating length rangevill

explore muscle properties durittte damaging protocol.herefore the aim of this study was

to quantify any percepal, mechanical and neural changes that occur essalt of two
separated bouts of highly controlled eccentric exercise in the MG muscle. A second aim was
to explore’ any mechanical and neural changes that occur during the stretch phase of the
exercise taskn repeated boutsVe combined ultrasound imagirand supramaximal tibial
nerve stimulation to create fascicle lengtirque curves after each exercise bout. Further, our
ultrasoundmeasurements and electromyograptacordingswere combined to explore the
controlledisokinetic exercise boutd8Ve hypothesised that M@ould be protected from
damage for the repeated bout of exercsel that this would be driven by changes in either

mechanical or heuraldaptations or behaviour of the muscle during the damaging task.

Materials and methods
Subjeds

Based on being able to detect a drop of Q% he maximum voluntary contraction
(MVC) tergue®:” which is equivalent to enediumeffect size (d=0.5), a sample size of 15
subjects was required (0=0.05 and =0.20). Twenty healthy participan{d1 male, age 25 + 3
yrs, mass 71.8 + 6 kg, height 174 £ 5 cm; 9 female, age 25 + 4 yrs, mass 58.4 + 6 kg, height
164 + 7 cm)volunteered to participate the studyand provided written, informed consent
Participants were excluded if théyad any preexistinglower limb injuries had surgery on
the lowerlimb within the past five yearand hadundertaken eccentric training exercises
specific to the calf muscle group (e.g. heel drop exercises) within 6 nyhgo the first
testing session. The protocol was approved byldbal university ethics committee and

conducted'according to the Declaration of Helsinki.

Experimental protocol

Fasciclelengthtorque (L-T) data from the MG and indirect markers of muscle
damagefrom the triceps surae were collecteefore (PRE) 2 hours (2H)after, and2 days
(2D) after eachbout (two bouts in total)of eccentric exercise. These exercise bouts were

separated bgevendays, and each bouabnsistedof 500 voluntary,isolatedand controlled
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lengthening contractions of the triceps surae muscles performed on an isokinetic
dynamometer (Humac Norm, CSMi Computer Sports Medicine, Stoughton, W8i)the
participantattached to the dynamometer and lying in the prone positiorexéreise cycle
consistedof an initial isoméric plantar flexion contraction to reach a targetque level,
followedrby-aseries ofrapid eccentric contractiadriven by the dynamometer at an ankle
angular velocityof 50°/s (Figure 1) The targettorque level was determined prior to the
exercise as thmaximumtorque obtaineduring a supramaximal electrical stimulatiointhe
triceps surae at the most plantar flexenht position which was approximately 70% of
maximum voluntary plantar flexion conttson at the same joint anglBarticipantseceived
approximately 30 s of rest between eveygle of25 contractions to minimistne effects of
fatigue Verbal encouragement andsual feedbaclof the torquethey were generatingas
givenconsistently across subjet¢tsensure they maintained the required toroutput across

the set.
Muscle mechanical properties

We'used an adapted version of the peripheral nerve stimulation protocol outlined in
the papéfs by Hoffman and colleagués'to examine thé.-T relationship ofMG. Subjects
lay prone with-their right knee extended+@75° andtheir right foottightly attached to a
footplateconnected tdhe samedynamometerns described abovat the beginning of each
L-T data collection session, MG fascicle lengtias measurediuring a single passive
rotation at constant velocity through thédl range ofankle motion. This provided a reference
length relative to passive torque to ensure ctarsy in the length measurements across
tracked ultrasound trials. &Aonstanteurrent stimulus (500 us width; DS7AH, Digitimer,
Welwyn Garden City, UKwas appliedcutaneously at the popliteal fossa to depolaitige
tibial nerveand.evokea maximal twitchof the relaxedtricepssurae muscleThe amount of
current that-elicited the largetstitch was increasetly 20%and wassubsequentlysed for
all stimulations:The maximal peako-peak Mwave amplitude (Mmaxjor a supramaximal
pulse wasgalso recorddtbm MG. Supramaximaktimuli using singleand triple (50 Hz)
pulseswvere usedo evoke resting torque twitekat several differerdinklejoint angles across
the range of motiontypically 7 to 11 joint anglesn 3° increments from 15° of plantar
flexion to each subject’s individuamaximum dorsiflexion angle. The ordém which
measurements were taken at each amgle pseudorandomized until each joint angle had

been measuretivice. A single currenipulse was use8-5 s prior tothe triplet to mimmize
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any thixotropic effect?. Plantar flexion torque and ankle joint position were measoyete
dynamometer andollectedat a sampling rate of 1 kHz using a Micro 140and Spike 2
software Cambridge Electronic Design, Cambridge, UK). At the same time, ultrasound
images ofMG fascicleswere captured using-Biode ultrasonography (6 MHz, ~110 fg&,

x 51 mmr field~of view) using a96-element multifrequency transducer (LV7.5/60/96;
Telemed, Vilnius, Lithuania) attached to a-B&ed ultrasound system (Echoblaster 128,
UAB; Telemed). The flat shagdransducer wastrappedo the medial aspect of MG using
anelastic bandagso that it could not move relative to the leg. The location ofrdresducer
relative to the,skin was marked with an indelible marker for consistent @atesh the

transducefer subsequent testing sessions.

Indirect markers of muscle damage

In the same position as described abardwith an ankle angle of 15° dorsiflexion,

subjects performe@ x 3-s isometric MVCs separated by a minimum of 1 mast During

each isometrie,€ontraction, isometric plantar flexor torque and surface EMG of the lateral

gastrocnemius (LG), MG and soleus (SOL) were recorded. EMG was recordedausing
bipolar ‘configuration of two electrodes (8 mm recording diameter, Ag/AgCl, Covidien,
Mansfield, USA) placedverthe bellies of each muscheith an interelectrode spacing o2

cm (centre to centre) according to reported guidelines (Hermens et al., 1999).igM(S s
were amplified 1000 times and bapdssed filtered between-48D0 Hz(Neurolog System,
Digitimer Ltd., Hertfordshire, UK)prior to being sampled at 2 kHasing the same

instrumentation and software as désed earlier.

Selkreported muscle soreness was assessed usib@-p@int analogie scale (0
represents.no.soreness and 10 represents the worst soreness ever fahyaesiiferent
modalities®=1)shaving the experimentardependentlyalpate theelaxedmuscle belkes of
MG, LG, and=SOLto a depth of the width of their thumb; 2) the experimensng an
algometer(Wagner instruments, Riverside, USA) to applk@.&f pressure in the middle of
the belly of thesame muscleand3) subjects wallkg for 15-20 m andrating the soreness

they felt in thé calf while walking

Musclemechanical and neural behaviour during the exercise bout
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Using the ultrasonography and EMG methods described alfaseicle length
changes of MG an®MS of the triceps surae were measured over 10 contractions at the
beginning and end of each exercise bauitidl and finalfascicle strains were then calculated
for each bout.Triceps suraeEMG root mean squaréRMS) activity and plantar flexion
torquewereralso averaged over the same 10 contractions to evahyatbanges irmuscle

activation

Data analysis
Length-tension,curve construction

Custon Softwaré* was used offline to track MG muscle fascicle length changes from
ultrasound “imageshy applying a LucasKanade optical flow algorithm with affine
transformatiorf>)As previously described®?! active and passiviascicleL-T curveswere
constructed by plotting fascicle length against geak torque producedrom the triplet
stimulation.The passive 4T relationship was first determined frqmassiveanklerotationsas
previously .mentionedThe relationship betweepassivefascicle length angbassiveankle
torque was,fitedwith athird order polynomial andlack length estimatefrom the point on
this curve thatntersectedhrough 0 NmAn exponential fitwas appliedo all values above
slack length,.withts coefficientrepresentindriceps sura@assive stiffnes&’. Active torque
was calculated as the difference between the topgoéuced bythe stimulation (i.e., the
peak of the triplet twitch) and the passive torque associated with the fasogtle tluring the
contractiofias per Hoffman et &f. An activeL-T curve was thefitted throughthe active L
T data using a physiologically appropriate modél?® From the fittedL-T curves the
maximum torque T max), the muscle fascicle length at whi®h.x occurred ¢ptimal fascicle
length, Ly)'and the passive curve stiffne$$ (ere determined. The active and the passive
curve parameters for all 20 subjects were then averagethamdean active and passive

curves wererereated for each measurermerat point bothpre- and posexercisgFigure 2)

Isometric MVC torque anBEMG activity

From the three MVCs performed, the attempt that yielded the highest maximum
torque was used fasubsequenEMG and torque analyseMaximum voluntary isometric
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torque was calculateloly averaging the torque recorded durthg middle 1s of each MVC
where the torque signal wasnsideredstable The EMG RMS amplitude (50ms window)

was calculated over the sams period for each of thlareemuscles. During the same stable

1 s section of theMVVC, median power frequencyMPF) was estimated over 50éns non-
overlapping-epochfor each muscleThe power spectrum fdMPF estimation was computed
using the/Welch method by applying a 512 points Hanning window with 15% overlap

between sucéessive sepochs*

Fascicle straintorque and EMG activity during the exercise bouts

For eachexercise bout, muscle fascicle length was calcultde@ach of the initial
and final tepcontractons @s previouslydescribedand normalised to d.of the preexercise
L-T curve The torque (normalised to theplet twitch elicited for the Mwave calculation)
and EMG RMS"(normalised to Mma)x data were divided in dorsflexion-plantar flexion
cycles and @ averagecurve was createdrom the ten contractiongor each subject. The
stretch phase (from anklplantar flexionto dorsflexion) was considered forstatistical

analysis.
Statistical-analysis

Dependent variables {kx, Lo, k, isometric MVC torqueEMG RMS muscleMPF
and sorenesssscores) were analysed using -avayaepeated measures analysis of variance
(ANOVA) with bout (1% and 2% and time (PRE, 2H, and 2D) as factors. Greenh@Geisser
corrections“were applied to those significance tests that failed to meet the assumption of
spheicity=A"two-way repeated measures ANOVA, witbntractiontime (initial and final
contractionof each boytand bout as factors was used to compare stretch parameters, torque
and EMG activation within and between the exercise bdutsriori plannedcomparisons
(Bonferroni contrasts) were incorporated into the ANOVA design to compare the effects o
time and bout over the variables in analyg\d values presented are mean + SD and

statistical significance was set at@R05.

Results
Markers of muscle damage
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L-T relationship

A significant drop in Thax occurred following the initial bout of lengthening
contractions (Figure3). This was identified througla significant main effect of time
(F2, 3= 19.7;P<"0.01) but not of bou(F; 19= 0.369 P = 0.55. No interaction (time x bout)
was found(F2 ss= 1.22,P = 0.31). When compaed toPRE, T max Wassignificantly redu@d
at 2H (P <0.01) before recoverintp preexercise levelsit 2D for the initial bout(Figure 3.
For the repeated bo(fFigure 3), there waso significant change ifinax at2H (P = 0.21) or
2D (P =0.33) compared with PRE (Figurg 3

There /iwas no significant main effect of tinfE,3s = 1.49, P = 0.24) or bout
(F119 = 1.38,P"= 0.25) andno interaction (time x bout)Fg3s = 0.358,P = 0.7) of the
optimal fascicle lengtko generate Jax Further, there was no significagffect of time(F2 s
= 0.184,P = 0.83, bout 119 = 0.466,P = 0.5 or interaction F23s = 0.52 P = 0.6) in ‘K
(stiffness)of the passive curvdgigure 3. Thus, LT curves presented no significant changes
in muscle .meehanical behavio(re. no rightward shiftiwhen comparing between bouts
(Figure 4)

Muscle soreness

The, eccentric exercise protocol perfornigd subjects successfully elicitedustle
sorenes&s indicated byncreasd muscle soreness scoredlowing the initial bout (Figure
5). A significant linteractior(time x bout)was found for all three soreness scopfation,
F23s= 8.4 algometerF,3s= 7.1, walking, F233= 9.43 all P < 0.01)with main effects for
time (palpation,F, 33 = 36.38;algometey F, 35 = 47.22; walkingF23s= 32.91; allP < 0.01)
and bout(palpation,F; 19= 8.73;algometey F; 10= 12; walking, F 10=9.43; allP < 0.01).
Multiple comparisons revealed a significant increase in soreness for all scorét at 2
(palpationyalgemeterand walking,P < 0.01); and D after the initial bout (palpation,
algometerand walkingP < 0.01).

Following the repeated bout, a significant increase in soreness was evident for all
scores at 2H (palpatio® = 0.02; algometerP < 0.01; walking,P = 0.01). At 2D, a
significant increase in soreness compared to PRE repeated bout was fourtt palgation
(P < 0.01) and algometeP(< 0.01) but not for walkingF = 0.14). At 2D after the repeated
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bout, the increase in soreness for all scores was lower (palp@tioi®,01; algometeP <
0.01; walking,P < 0.01) in comparison to the same scorédaafter the initial bout

Isometric MVC torqueandEMG parameters

There wasa significant main effect of timé234= 7.38,P < 0.01)but not of bout
(F117 = 0.45,P = 0.5)) on isometric MVC torque productiofTable 1. No
interactiong (time x bout) was foun(#, 34 = 0.26,P = 0.78. Preexercise MVC torque was
not different between bout&t 2H, multiple comparisons revealed th#te reduction in
isometric MVC. torquewas significant after the initial boutR = 0.01) but not after the
repeated boutR(= 0.09) MVC peak torque decreased 15% fr&REto 2H for the initial
bout, and11%"from PRE to 2H for the repeated boutAt 2D, MVC torque was rot
significantly differento PREvaluesfor both boutgTable J.

EMG RMSduring the isometric MVC task was similar betwdmuts for all muscles
(Table 1), with-no significant main effect of tim@MG, Fz34= 1.55,P = 0.23; LG,F3, 34 =
0.35,P = 0.7, SOL, F» 34= 0.54,P = 0.59, bout(MG, F1, 17=0.24,P=0.62 LG, F; 17=
0.18,P =0.68 SOL,F; 17=0.01,P = 0.9)or interaction (time x bou(MG, F,3,=2.21P =
0.12 LG, Fa3s= 1.11,P = 0.34 SOL, F;, 34 = 0.04,P = 0.99. MPF recordedduring the
isometric MVC task showed significant main effect of time in MGF¢ 3= 4.24,P = 0.02)
and of bout in SOL F;;7 = 7.28, P = 0.02). After the first exercise boutmultiple
comparisons revealed a significant reductioMidF from PRE to2H for LG and MG: from
100 to 84/Hz infMGP = 0.04) and fron®8.4 to 84.1 Hz in LGP = 0.04). No significant
changes iMPFE were found after the second bout in the muscles evalugt8dl(G, SOL all
P >0.99).

Musclemechanical and neural behaviour duringekercisebout

Overall, the results shad no majorneuromechanical changes duritigg exercise
bout for either bout one or twd-ascicle strain EMG RMS and plantar flexortorque
production during the initial and repeated bouts are predemtFigure 6. There wasno

significant main effect of contractiortime (F;, 15 = 015, P = 0.7), bout 1 15= 06, P =

This article is protected by copyright. All rights reserved

85UB0|7 SUOWLLOD dATes.D) 8|dedldde aup Aq peusenob ae ssjonre O ‘8sn JO Sa|ni J0j Aiq1T8UlUQ 43I UO (SUOTPUOD-PUR-SWUBI WD A8 | IM"ARe.d 1 U |uo//SAny) SUONIPUOD pue swie | 8u18es *[£202/20/20] Uo AriqiTauljuo A8|IM elfesny aUeIyo0D UOIEN D INHN AQ ZZZET SWS/TTTT 0T/I0p/W00 A8 | im Aseid 1 puluo//sdny woiy pepeojumod ‘0T ‘8TOZ ‘8€80009T



0.45),or interaction(contractiontime x bout) (F1, 15 = 0.5, P = 0.63 on peak fascicle stretch
during the eccentric contractions. Mean fascicle stretch was 11.2 + 6.4 rtire foitial bout
and 10.9 £ 5.Imm for the repeated boufhis equated to &tretchof 17.9% and 17.26
relative to Ly respectivelyfor the two boutsThe normalisedEMG of the MG and LG
revealedmnorsignificanhain effect of contractiotime (MG, F;, ;5= 0.03,P = 0.87, LG, F,
15 = 0.86,P = 0:37, bout (MG, F1, 15 = 1.17,P = 0.3 LG, F1, 15 = 0.33,P = 0.57 or
interaction (contractiotime x bout) (MG,F; 15=0.23,P =0.64 LG, F; 15=0.03,P =0.89
during thes stretch phase of the isokinetic exercise boAtsignificant main effect of
contractiontime (F1 14 = 8.92,P < 0.01) but not boutK114= 0.01,P = 0.99 or interaction
effect (contractioniime x bout) (F114= 1.4,P =0.26)was found for SOL EMG. This finding
revealednereasedOL activity during thestretchphasen the finalcontractions otheinitial
bout P = 0.04)" Analysis of the torque during the stretch phase of the exdroige showed
significant main effect of contractidime (F; 5= 5.97,P = 0.03)but not ofbout 1, 15=
3.58,P = 0.08 and nainteraction effectf; 15= 3.12,P =0.1).

Discussion

The present study employed a highly controlled eccentric exercise task, designed to
produce EIMD in the triceps suram exploremechanical and neural responses that may
underpin the RBEWe found a reduced loss efvoked torque anteducedmuscle soreness
following therepeatedoutof the same eccentric exercisedicatingthe presence & RBE
for this particularexerciseprotocol. Asmaller reduction in the isometric MVC torque after
the second bowtlsosupports thigonclusionHowever, contrary to our hypothesige found
no significant.change in the optimudG fasciclelength to produce Jax after the initial bout
and no obviouschange in fascicletrain orexcitation ofthe tricepssuraeacross the two
exercise sessiondVe also found no relationship between the amounfas€icle strain
experienced’ by individuals during the initial bout contractions and the subsequent force
decrement from. the first boufheseresults suggest thddG was affordedprotection during
the second bout of exercisgthout macro levelchanges in mechanical or neural behaviour
We therefore suggest that either the damage wasufitcient to elicit measurable changes
or that mico-level adaptations might be sufficient to protect glastrocnemiusnuscle from

damage.
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Fascicle mechaniqsost intial exercisebout

Despite markers of EIMD, w results showd no rightward shift in the T curve
either 2Hor2D"pogheinitial bout Thisis in contrast with resultderivedfrom studies that
exercise theelbow flexorthatshow significant changes angletorquecurves aftela single
bout ofexerciseé?®® However, care must be taken when comparing ategtrie curves with
fasciclelengthtorquecurves asjoint angle data do not take into account the actual length of
the muscle_fibres. Despite this difference in methodology, we suggesthéhdack of a
rightward ‘shift in this study may be due to the fact thi& fascicle stretchduring the
eccentric eontractits is buffered by theoverall elasticpropertiesof the musclegendon unit
Focusing on the change ing,Lwhich is the parameter that may identify muscle fibre
adaptations after damage, t@é of the difference between PRE and 2H post IBLIS6 to
1.19mm (sedable insupplementary materialConsidering that meafiascicle lengtrduring
PRE IB was 62.38 mmhe CI suggest that the true difference between PRE and 2H post IB
is unlikely to-be"more than 5% in each directionLgf Since significant shiftin Lo have
been reported.with changes of at least 10%i°, a maximum potential difference of 5%

may be'considered trivial.

Here; during the exercise bout, stretch offdseiclesvasapproximatelyl7% of thér
optimumlength andhe fasciclesvereoperatingprimarily on the ascending limb and plateau
of thar L-T.curve. Althoughmostelbow flexorstudies dichot quantiy fascicle strain during
the exercisesbouit has beersuggested that damaging protocols in these muscles involved
greater length_echanges (~3®0 % of the optimum length) on the descending limb of the
angle-torque“ctirvé’. The potentially higher tendon complianueMG 2° allows its fascicles
to operatemainly at shorterlengthsand moderate forcehrough thephysiological range of
motion of ithe ankle joint This is likely the reason for thebservedsmall decreasean
voluntaryisometric torque andlectrically evokedwitch seen heregompared witithe much

larger decreasem torque (even up to 50%) reportied the elbow flexors?" 23

L-T adaptation during the RBE
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A reduction in Thax was present after the first but not the second bout of exercise
There wasalso no change inthe optinal fascicle length after, obetween bouts.In an
attempt to cause a significal@vel of damage, our exerciggotocol consisted ofa high
number of repetitionsover a large range of ankle motionyith musclesactivated to
approximately=@% of their voluntary maximumHowever, even with this tightly controlled
and focused protocol, we hadlatively smallamounts of soreness and torque decrement
comparable t6'those reported after 30 mins of backward downhill wafkiile our study
useda more focusedxerciseprotocol which elicitedgreater amplitude of streta@ompared
to backward walking17% in current study compared to 10% in stedy byHoffman et al
19, there was little difference in the damage produBstause the elastic component (e.g.
Achilles tendan)stretches in response to the increased force production dheegcentric
contraction, thi$uffers the stretch of the muscle fasciglestentiallylimiting the amount of
induced damaget is possible that a greater number of contractions would inchare
cumulative damage and larger effects (e.g. dftmackward walkindf elicits greater damage
than 30 minof backward walkinyf). However, it is clear that thdG is well designedo
minimise strairof its force generating structures as a resultfiigh tendon compliancén
this situation'changesthat are more subtland difficult to measurde.g. changes to the
extracellular matrixor subtle remodelling of sarcomere arrangemeray better explain the

mechanism forth&BE in this muscle.

Contrary to our resultssome studiespeculate thathe RBE isassociated with a
rightward ‘shift in the anglorque relationshimfter repeatecbous of exercise™. It is
proposedthat following muscle damaging exercisthere is alongitudinal addition of
sarcomeres_(sarcomerogenesiBat limits the amount of strain experienced by each
individual sarcomere fosubsequenthouts of the sameccentricexercise task°. Although
assumptions. of'sarcomere changes made from -&mgjee curves in vivare problematic
due to potential disassociation between changes in sarcomere length and joift, anigle
discrepaneymay suggest that changes muscle mechanical behaviour durithgg RBE are
muscle specificChen and colleaguéseported thatfor the elbow flexas, maximaleccentric
contractionselicited a significant shift in the optimum angle to produce torcudbsequent
bouts of exercise. Howeverthis shift was shortlived after submaximal eccentric
contractionswith the elbow flexorsstill eliciting a RBE.The resultstaken together suggest

that a sustained rightward shift the lengthtensionrelationship is not a prerequisite for
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conferral of the protective effecThus a significant addition of sarcomeres in series is
unlikely to be the primary mechanism of the RBEleast irthe gastrocnemius muscle.

Although our methof construdng fascicle L-T curves is more accurate than the
angletorgue'methodor the detection of mechanical adaptationthaimuscle level, it is still
limited in the evaluation odrchitecturalkchanges athe fibre level. Thus, wile in this study
sarcomerogenesigas not detectedt the fasciclelevel, as determined by ultrasounthjs
adaptationy may stilbccur at alevel not detectableby our measurement techniqueés
alternative _interpretation of our resulsthat our small reductions imoluntary isometric
torque and, Fax reflect the damage of asmall number of muscle fibresTherefore, any
sarcomerogenesihatmay haveoccuredwithin those damaged fibres may be masked by the
fibres that were natlamaged andemainperfectly suited for the task, with their contractile
properties dominating the overall (muscle levieihgth-tensionrelationship. It has been
demonstrated that different regions of the same muscle show different leadksptétion in
response to ecceit exercise, according to starting muscle length and neural activation
This may be-relatetb the architecture of the individual fibresd muscles, which may

explain theresultsseen herén comparisorio otherstudies’°.
Neuromusculaadaptationsiuringthe RBE

Our, results shoaed no adaptationn EMG RMS that canexplain the RBEobserved
here Similar resulthave beemeported by McHugh and colleaguBsvho indicated that the
RBE was| not due to neural adaptafi@s measured by surface EMG in the hamstring
musclesLike other studie&® there was no significant changeBMG RMS suggestinghat
the level of drive to thériceps surae muscle was simikrossthe two boutsSomestudies
have repokd. attenuation of higtirequency content of the EMG signai the time ofthe
second bout***® where theysuggst selective recruitment of slotwitch fibres or
decruitment-of-fastwitch fibresdue to the damag®&Vhile our results show changeshnPF
after the first'bout, it is not possible to say this was due to changes in motor unit recruitment
or perhaps ‘mere likely, a slowing of action potential conduction velocity as they travel
beneath the recording electrodes on the musies, the useof surface EMG may be
insufficient for the detection of neural adaptatisnsh aschanges irmotor unitrecruitment

order and/or motor unit synchronization, that may still play a role in the RBE.
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Adaptations during the bouts of exercise

Overall, the resultof this study show no major change in the neuromechanical
measuresnade heraluring thestretch phase of thexercisebouts(Figure §. Therewasno
difference betweethe boutsof exercisein triceps suraeeural drive no change irfascicle
stretchmagnitude, and no changefascicle operating length rangehus,thereseems to be
no obvious fascicle levethangs in mechanical straiduring the exercise that may underpin
a mechanical protectivadaptation. Converselg, reductionin vastus laterali$® and biceps
brachii ** fasciclelengthening habeen reportedfter repeated bostof submaximal cycling
and maximal eccentric elbow flexor contractions respectiveiych may be related to lower
stretch damage in the later boutShorter/stiffer tendonsnay involve less utilization of
tendon elastic "propertiegliciting more adaptations at fascicle level in comparison to the
gastrocnemius wherelastic tissue compliance is higher. Overall, these resufigest that
the adaptations fascicle stretcliduring theeccentric exercisarespecific to the muscléhat

is exercised.

Possible mechanisms of the RBE in the gastrocnemius muscle

Assuming that sarcomerogenesisd/or alterationsin neural activation are not the
main caue of the RBE in gastrocnemiug/e suggest thaadaptations in the necontractile
elements_of the muscle fibrese a possible mechanisnDisruption of the cytoskeleton,
specifically=thesprotein desmin, is one of the earliestcurring events in eccentric
contractioninduced damag&. Thereforeit would seem plausible that an adaptation in the
non-contractile elements of the muscle fibmagay bea first line of defence in protection
against repeated damatfe As proposed by Mackey and colleagdésmuscles exposed to
one boutof damaging stimulupresent an overexpression of anabolic matrix ¢gndactors
and collagen, favouring the strengthening of the extracellular miatrixepeated bouts
particularlyin the zones (fibres) where muscle damage is the gréatd@stus,a diminished
degradationncreasedprotection of the damagedmuscle and its connective tissue when

This article is protected by copyright. All rights reserved

85UB0|7 SUOWLLOD dATes.D) 8|dedldde aup Aq peusenob ae ssjonre O ‘8sn JO Sa|ni J0j Aiq1T8UlUQ 43I UO (SUOTPUOD-PUR-SWUBI WD A8 | IM"ARe.d 1 U |uo//SAny) SUONIPUOD pue swie | 8u18es *[£202/20/20] Uo AriqiTauljuo A8|IM elfesny aUeIyo0D UOIEN D INHN AQ ZZZET SWS/TTTT 0T/I0p/W00 A8 | im Aseid 1 puluo//sdny woiy pepeojumod ‘0T ‘8TOZ ‘8€80009T



subjected to the second bout of exercise may explaimé@hanical adaptatiormesent
during the RBE in oustudy, suggesting &lose interaction between the matrix cells and the
contracting skeletal muscle céfl Other adaptions might include increagedruitment of
immune cells®, which may facilitate anaccelerated repair to thdamaged fibresthus
contributingtothdRBE.

In this study, ke gastrocnemius muscle presented levels of soraghasswere
decreasediafter the repeated bouabsence of mechanicalterationgno change in the-T
relationship)or large contractilelamage (evidenced by the small drop ). Even though
it has been documented that damage to contractile machinery may be importansdte
sorenes$°gouf fesultsndicate thafascicledamage caive independent of muscle soreness.
It has been demonstrated thatlower limb muscles, an initial bout of eccentric exercise
mediatesthe hyperexcitabty of the spinal nociceptivepathwaysthat elicit a decreased
central sensitization during the repeated butThis central sensitizath seems to be
independent from leered contractile propertiesince it can be elicited by contralateral
exercise’, and.ay be relatedith a lower perception of sorendssthe RBE.Moreover, it
seems that.connective tissue damage and inflarmmate more responsible for the soreness
than muselefibre damage and inflammatirOverall, thisindicates that th&BE, in terms

of soreneseyvels can be conferred iabsence of significant muscle damage.

The results of this study should be interpretedsidering certaiimitations It is
important to highlight that thigiceps suraéas been shown to be less prone to changes afte
EIMD because of its structusnd regular functionf-or instance, soleus muscle has a larger
proportion oftype | fibres®®, which may help to buffer or to compensate gastrocnemius
function and contractile behaviour. Further, as previously stated, the ultrasound imaging and
EMG recordings implemented here magt be sensitive enough to depict adaptations at
sarcomeraandmotor unit level Future research should consider the use of more advanced
techniquesssuch as in vivo imaging of human sarcoffeard or high-density EM8, which

may be better suited to investigate potential eccentric exercise induced changes.
Conclusions and Perspective

In conclusion, the resulté this studyshow that in the gastrocnemius muscle, the

RBE occurwithout mechanical adaptations during or after repeated bouts of controlled
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eccentric exerciseMoreover, it seems thahe neuromuscular adaptations measured dere

not contribute to the RBEat least for gastrocnemiug/e suggest that adaptations in non
contractile elements of the muscle may better explain the protedttbe muscle during the
repeated bout. This responsepossibly specific for thgastrocnemius muscle due to its
physiological=and architectonic featureBhe results from this studyguggestthat the
adaptatios of the gastrocnemius musch® eccentric exercise that prevent future damage
(repeated 'botit efféchre relatively subtleDiverse studies using elbow flexar§?"?®have
shownmueh higheievels of muscle damagster similaror lower amounts of muscle work

in comparison,to this study, which likely influences the adaptatioats occur within the
muscle Ittis _likely that the repeated bout effecis multifactorial and that different
mechanismslominate depending on the muscle type and mechanical stimesall, our
results suggedhat the gastrocnemius muscle damage is buffefredn significant stretch
through its range of motion bis elastic tendinous tissyand thatonnectivetissues may be

a primary target for the adaptations thmbtect this muscle from future damaggnhis
increaed resilience to muscle damage may be an advantage from a physiological point of
view, sincesit.can be speculated that the muscle is more prepared for submaximal eccentric

loading duting.daily life activitie&
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Table 1. Changes in EMG activation and plantarflexor torque during isometric contractions at preexercise

(PRE), two hours (2H) postexercise, and two days (2D) after two bouts of 500 isokinetic contractions.

B RB
PRE 2H 2D PRE 2H 2D
MG (RMS) 0,23+ 0.14 029+0.17 021+0.09  0.26+0.14 024014 024+0.16
LG (RMS) w0224 0.08 0.20%0.09 0.18 +0.07 0.20+£0.08 0.21+0.13 0.2120.13
"SOL (RMS). 0.12+0.04 0.11+0.05 0.11+0.05 0.12+0.06 0.13+0.05 0.10%0.05
“Torque (Nm) 126+40  107+26* 122 +34 127 +33 11329 123+31

MG, medial gastrocnemius; LG, Lateral Gastrocnemius; SOL, soleus; IB, initial bout; RB, repeated bout.
Values aregpresented as mean + SD. *Significant difference compared with the preexercise measurement
of the samesbout (P < 0.05)
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Figure 1. Experimental design to explore mechanical and neural changes thateuay
during an “eceentric plantar flexor exercise tagkd to create fascicle lengtiorque
curves.Rnel A, example ofaw data(top to bottom: plantar flexor torque, ankle joint
position, medial gastrocnemius (MG) muscle activity and MG fascicle lemgtorded
during the exercise bouts.aRel B, the experimental setshowinga) electrical stimulation
electrodes b).ultrasound pobe fixed beneath an elastic bandagg EMG amplifier, d)
isokinetic dynamometef.he surfaceslectromyographglectrodesecordingMG activity are

situated oyerthe belly of MG and dreneath thelastic bandage.
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Figure 2.A),Data points and the fitted active and passive fascicle letogtjue curves from

a representative subjegatior to the inital bout B) eachunique set ofymbolsrepresentslata
from each of the0 individuak, while the fittedines represent thgroup mean active and
passive fascicle lengforque curves. &cicle length is normalized to the calculated optimum
length (L), and torque is normalized to the calculated maximum stimulated ttoitghe

produced by three consecutive stimuli at 50(Hzax).
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Figure 3. Active and passive lengtbrgue curve paramete(d8, maximum twitch torqués,

optimal length anc, passive stiffnesd)efore (PRE)2 hours (2H)and 2 days (2D) after the

initial (IB) and repeated (RB) bouts of eccentric exercise. Values are presented as mean and

error bars indicate the SD Significant difference compared with tR&RE measurement of
the same bout (R 0.05).
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Figure 4. Group mean active and passivegxercise fascicle lengttorque (LT) curves for

the initial (IB) and the repeated bout (RB). The horizontal rectangles above indicates the
mean fascicle“stretch amplitude during the exercise bout (i.e., the fascicle stretches from the
ascending limb to the plateau region). The horizontal error bars indicate tbietis®group

mean initial and final fascicle stretch lengths.
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Figure 5.Mean £ SDsoreness scores«D0) from palpation algometey and walkingin the
combinedmuscle bellie®f thetriceps surae. Measurements were madepegcise (PRE), 2
hours posexercise (2H), and 2ags postexercise (2D) for the initial (IB) and repeated bouts
(RB). *Represents significant differencesRat 0.05.Note thatthere areno valuedor PRE

IB as all'subjects ratatieir level ofsoreness as 0 of 10.
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Figure 6 Group neancurves forfasciclestrain, EMG RMS and voluntary torquéor atime
normalised contraction cycle fahe initial and repeated boutiB(and RB, respectively.
Comparisons between the initial (IC) and final contractions (#€)each bout are also
presentedas solid and dashed lines, respectively. In panels A and B fascicle strain is
normalised to optimal lengthpl(calculated durind®?REin the IB). Panels C and D, present
waveform averages of the EMBMS (normalised tanaximumM-wave amplitude) of the
lateral gastrocnemius (LG), medial gastrocnemius (MG) and soleus (B@icles Panels E

and F,show theplantar flexor torque normalised to the maximal value of the twitch recording
made before each bout of exerci$be \ertical shaded area represetite stretch phase of

the exercise cyclewhich wasused for statistical analyses (see tes®epresents significant

difference of the mean of the stretch phasg (®5).
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