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ABSTRACT

Ruggiero, Luca, 2015. Neural contribution to postation potentiation. University of
Jyvaskyla, Department of Biology of Physical AdiyyiMaster Thesis in Biomechanics.
112 pp.

The current study was designed to investigate tharibution of neural factors to
postactivation potentiation (PAP). Neuromusculancfion (i.e. twitches, H-reflexes,
motor evoked potentials, and voluntary isometridlisgiec contractions) of 8 power-
trained (POW) and 8 endurance-trained (END) athletas recorded before and after a
8-second maximal isometric conditioning contract{@t) to induce PAP, to elucidate
discriminating neural factors in exploiting PAP ttihaight arise from the former training
background compared to the latter.

After CC, twitch peak force and rate of force deypehent were significantly increased,
with higher potentiation in POW (29 + 11% and 62486) than END (8 + 12% and 34
+ 20%). Among evoked potentials, only motor evoksatentials were short-term
facilitated (127 + 111% and 93 = 89%, for END an@W respectively), similarly
between groups. No differences were reported ifisbal performance (P 0.069),
whose neural drive was significantly depressed @WPat 1 and 2 minutes post-CC,

respectively compared to END and to baseline (19%).

PAP was characterized from enhanced muscle coirattaracteristics as well as
short-term facilitation of corticospinal excitalbyi whose individual contribution to
performance enhancement could not be quantifiedweder, when POW were
compared to END, the former group benefited fronPRA triceps surae muscles only
in terms of higher potentiation of muscular cortitaccharacteristics, as neural
pathways were affected likewise from CC. In additioneural drive of ballistic
performance, if affected, might be depressed in P@tiver than enhanced, presumably
due to neural fatigue from CC. Differences betweggaups in exploiting PAP in
ballistic actions might be therefore primarily el to muscular potentiating
mechanisms, although only non-significant potemmat (p-value close to the

significance threshold) was found in ballistic peniance in our experiments.
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1 INTRODUCTION

At any point in time, the performance of a skelemaiscle is affected by its contractile
history. The most obvious effect is neuromusculatigbie, which impairs the
performance (Sale, 2002). However, muscles cartipelyi respond to previous activity
with improvements in their capabilities (Vandervioer al., 1983). This phenomenon is

referred to as postactivation potentiation (Sab®2).

Postactivation potentiation (PAP) is induced byaumtary conditioning contraction
(CC) performed at a maximal or near-maximal intgngFukutani et al., 2014).
Subsequent muscle actions are facilitated througturoed intramuscular changes,
namely, phosphorylation of regulatory light chawfsthe myosin heads (Stull et al.,
2011). Following CC, the time frame of the potetntia lasts up to 15 minutes (Baudry
& Duchateau, 2004), whose magnitude is measuredigfr improvements in twitches

mechanical responses of a muscle group (Hodgsain €005).

Parallelly, enhancements in the muscle contractiéehinery functioning within the
potentiation time course lead to improvements invgro performances, through
increased rate of force development (RFD) of kalli@ctions (Sale, 2002). This
behaviour has been described as an upward andvaghtshift of the force-velocity
curve. (Sale, 2002).

Albeit muscular mechanisms are deemed to be thacipal cause of RFD
enhancements, neural mechanisms might also plakea@C might lead to changes in
neural motor pathways excitability (Gandevia et H99). Being spinal and supraspinal
components integral in the performance of voluntéagks, alteration of neural
excitability might result in modulation of RFD ofallistic actions. To date, this

phenomenon has been neither denied nor confirmed.

The purpose of the present study is to investigaecontribution of neural factors to
ballistic performance enhancement during PAP timease in plantar flexors.

The report of the investigation itself will be pegled from the review of the literature.

The latter has been divided in three parts. Firstig motor system and the interaction



of its components for voluntary muscle actions Wwél described. Focus will be directed
toward the anatomical components involved in PA® thie measuring techniques used
in the present study. The second part will rega#d Phenomenon in its underlying
muscular mechanism, quantification, affecting fext@nd enhancement of power
performance. Indications from previous studies ofgible neural motor pathways
implication in ballistic performance enhancement RAP will be also reported,

introducing the last part, namely, the purposéhefgresent study.



2 THE MOTOR SYSTEM

The motor system consists of the parts of the nengystem and the skeletal muscle
that are responsible for movement (Enoka, 2008) {fitf. 1). From a comprehensive
standpoint, activation signals are generated freoral components, whereas muscular

ones exert forces to produce movement.

FIGURE 1. Control of muscle by the nervous syst@ilme central nervous system (CNS)
consists of four parts, namely, the brain, therbstém, the cerebellum and the spinal cord (only
brain and one section of the spinal cord is illatetd). The peripheral nervous system (PNS) is
composed of afferent and efferent neurons, congengapectively sensory information from the
surroundings to the spinal cord, and output sigogigositely to the muscle. (From Komi,
2011).

The nervous system is composed of a central partaaperipheral part, respectively,
central nervous system (CNS) and peripheral nerggagem (PNS) (fig.1). Within the

motor system, the CNS consists of four main parasnely, the brain, the brain stem,
the cerebellum, and the spinal cord (Enoka, 2088).2ZThe PNS is represented from
afferent and efferent neurons outside the CNS, e&gng respectively sensory
information from the surroundings to the spinald;aand output signals oppositely to

the effector organ (fig.1). In the motor systene #ffectors are the skeletal muscles,



whose innervating (efferent) neurons are referceds motor neurons (Enoka, 2008,
250).

The skeletal muscle characteristic of exertingdaresides in its properties, that is, the
ability of responding to stimuli deriving from metaeurons (irritability), propagating
action potential (conductivity), and modifying isngth (contractility) (Enoka, 2008,
205). The particular organization and variety obtpms of muscle fibres allow

executing these functions (Maclintosh et al., 2@)5,

The next sections will present more in depth hoe #vove-mentioned parts of the
motor system are integrated for movement generattorstly, starting from the

periphery, the structure of the skeletal muscle #ra mechanisms responsible for
muscle contractions will be described. Secondlytamaeurons and their organization
with muscle fibres in motor units will be depictdebcus will be directed upon their
recruitment, activation frequency, and the twitch aa measure of motor units and
muscle group contractile properties. Lastly, thgaoization of the CNS will be

illustrated, including the main methods for measgimeural pathways excitability.

2.1 Structure of the skeletal muscle and muscle ctraction

2.1.1 The gross skeletal muscle structure

To achieve the function that they serve, skeletalsates are arranged in fibres
embedded in a collagenous connective tissue, blacally organized in three levels,
the epimysium (insheathing the muscle belly), pgsioom (bundling muscle fibres into
fascicles) and endomysium (surrounding the indigidnuscle fibers) (Macintosh et al.,
2006, 8) (fig. 2).

Muscle fibres are the polynucleated cells of thescha tissue, encircled from an
excitable cell membrane, the sarcolemma. Its fon¢ctther than a structural support, is
to transmit action potentials deriving from the broineurons to the contractile

components within the muscle fibres, allowing measmntraction (Enoka, 2008, 205).
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Fascicle

(made up of " Myofibril
muscle fibers) Muscle fiber yol

FIGURE 2. The gross structural elements of a s&kfatiscle (Zatsiorsky and Prilutsky, 2012,
5).

A muscle fibre consists of several myofibrils inrgdéel. Each myofibril is a series of
sarcomeres connected end to end, the latter opessenting the anatomo-functional
units of the muscle tissue, responsible for itsti@mtion and relaxation through thick
and thin filaments sliding one past the other @g(Enoka, 2008, 207).

FIGURE 3. Structure of the polynucleated musclesfiband myofibrils (adapted froBnoka,
2008, 206; Macintosh et al., 2006, 18).

2.1.2 Tubular system within the muscle fibres

The transition between sarcolemma action potentiald muscle fibre shortening is
guaranteed from the release of calcium by the ektentubular system within the
sarcoplasma. This tubular system comprises twa:pidre sarcoplasmic reticulum (SR)

and the transverse tubules (T-tubules) (fig.3).
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The SR can be defined as a meshwork of channelgusuling individual myofibrils
(Macintosh et al., 2006, 16). These channels aveletl in longitudinal reticulum,
running along the myofibrils, and in terminal cist@e (or lateral sacs), anchoring the
network to the T-tubules. The SR is the calciumsi¢Ba&®) storage of the skeletal
muscle. The function of the SR is to releasé @#o the cytosol around the myofibrils,
allowing contraction to take place, and to pump*Chack inside, allowing the
contraction to terminate. The former role is gusedrfrom C4&' channels mainly at the
lateral sacs membrane level, while the latter ah@dcomplished by GaATPase
pumps, primarily associated with longitudinal ration membrane. (Macintosh et al.,
2006, 17).

The T-tubules are branched invaginations of theadamma (Enoka, 2008, 207). Their
membrane is continuous with the plasmalemma, tmeyrade the myofibrils and are
closely apposed to the lateral sacs of the SRgalaeintervals (Macintosh et al., 2006,
17). In light of their anatomical structure, thendtion of the T-tubules is to conduct
action potentials from the surface to the intedbrthe muscle fibre, triggering €a
release from the SR, therefore muscle fibre shonefiEnoka, 2008, 207).

2.1.3 The sarcomeres and the myofilaments

As previously mentioned, the sarcomeres are thearafunctional units of the muscle
tissue, responsible for its contraction and relaxathrough thick and thin filaments
sliding one past the other (fig. 3) (Enoka, 20087)2

From an exterior standpoint, the overlapping oferndigitated thick and thin
myofilaments within sarcomeres gives the striatggearance to the muscle fibers (fig.
4) (Macintosh et al., 2006, 17).

SarcomereThe sarcomere is anatomically recognized as the b myofibril between
two Z-lines, whereas connections between thin #ate take place (Fig. 4B). Thick
filaments attach to the M-line, placed at the cemf each sarcomere (Enoka, 2008,
207). The A-band corresponds to the presence ok thiaments, while the I-band
contains thin filaments. However, the latter one®red also within the A-band, as the
filaments overlap to some extent. The central megwithout filaments overlap
constitute the H-band (Maclintosh et al., 2006, 14).
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Myofilaments. The myofibrils mainly contain thick and thin filamgs, which are

referred to as myofilaments (fig.4A). Although myarils are made up of several other
proteins (e.g. titin and desmin) (Billeter & Hopeel2003, 54), necessary for the build-
up and maintenance of the sarcomere, the desariptibbe restricted to the molecules
taking part of thin and thick filaments and protagb in muscle contraction (i.e. actin,

troponin, tropomyosin, myosin) (Billeter & Hoppel@003, 54).

LK ] A
e NS tmaie
et St d— e = ] ?
— — b Myosin i Actin
Phosphenyation site Yo TM line

Thick filamen Aband

Sarcomere

FIGURE 4. A) Schematic of interaction between thaokd thin filaments. A = actin; TM =
Tropomyosin; Tn = Troponin; LC = light chain. B) Qhe top: characteristic striation of a
sarcomere. On the bottom: overlapping arrangentetitick and thin filaments responsible for

the striated appearance (adapted from Gardinef,, 230 Maclntosh et al., 2006, 14).

The thin filaments are mainly composed by actin &lsb include proteins such as
troponin and tropomyosin for regulating the intéi@t between actin and myosin
(regulatory proteins) (Enoka, 2008, 207; MacIntddb03, 158). The backbone of thin
filaments is a double-helical strand of individaaitin molecules. Two coiled coils of
tropomyosin (TM) are located in the grooves forrfredn the actin molecules, covering
the myosin-binding sites on the thin filaments.tlyasa troponin (Tn) complex (made
of three subunits, Tnl, TnT, and TnC) is tied tdhbactin and tropomyosin. TnC has
two binding sites for Caand two for either Cd or Mg?* (fig. 4A) (Enoka, 2008, 208).

When C&" concentration rises in the sarcoplasma (see “Bikeit-contraction

coupling”), four calcium ions bind to TnC, allowinthe Tn complex changing
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conformation and moving the TM away from the myeasimding site, therefore
initializing the cross-bridges interaction (Maclsig 2003, 159).

The thick filaments are composed mainly of myosialenules (fig. 4A). Although

several other proteins within the thick filamenegulate the myosin-actin interaction
(Schiaffino & Reggiani, 1996), the description witle restricted to the myosin
molecule, which plays a fundamental role in PAP nameenon (Vandervoort et al.,
1983; Grange et al., 1993; Tillin & Bishop, 2008)single myosin molecule consists of
two heavy chains with long intertwined tails conieecto elongated heads, with two
light chains bound to each neck region (BilleteH&ppeler, 2003, 51) (Fig. 5A). The
hinge region allows the globular heads to standfarh the myosin tails, enabling
interaction with actin. Thereafter, the myosin necole is divided into two fragments,
S1 and S2, the former including the two globulaads the force-generating sites in
muscle (Fig. 5A). Three components have been ifiemtvithin each globular head,
with molecular weights of 50 kD, 25 kD, 20kD (Matdseh, 2003, 157) (Fig. 5B). The
50 kD segment contains a pocket for binding andrdlyding ATP (through the

ATPase enzyme), as well as a cleft for attachmerdctin, whereas the 20 kD part
includes two light chains (Macintosh, 2003, 15®¢nted regulatory and essential
(respectively, RLC and ELC), and having an impdrtaodulatory role in the cross-
bridge cycle (Grange et al., 1993; Gardiner, 2@} Macintosh, 2003, 158) (see “Role

of the RLCs in muscle contraction”).

FIGURE 5. A) The myosin molecule and its differentmponents. The intertwined tails extend
after the hinge region (S2 fragment), terminatinghwiwo globular heads (S1 fragment)
whereas the two light chains are attached. B) Balaent of one globular head, showing the
three different segments. The light chains areunhet! in the lightest component (20 kD) of the
myosin head. The terminal segment (50 kD) inclupscket for binding and hydrolyzing ATP
as well as a cleft for attachment to actin (adapieth Macintosh et al., 2006, 157).
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2.1.4 Excitation-contraction coupling

As previously mentioned, in the motor system skéletuscles are innervated from
motor neurons triggering muscle fibres contractibns muscle force production. Once
motor neurons are depolarized, action potentiasgetralong the axons reaching the
synapses with muscle fibres, whereas nerve elattmepulses are transferred to the
muscle fibres’ membranes. The site of this transdngcdue to the linkage between two
biologically different tissues, namely, nervous amtuscular, has been named
neuromuscular junction (NMJ). The transduction bé tsignal is referred to as

neuromuscular propagation (Enoka, 2008, 210).

The complex of processes from nerve depolarizatbamuscle contraction is known as
excitation-contraction (EC) coupling (Payne & Deibp 2004). EC coupling begins
with the transmission of the action potential dowhre axon of a motor neuron,
neuromuscular propagation, propagation of the aghmential along the muscle fibre,
propagation of the action potential down the T-tabucoupling of the action potential
to the change in Gaconductance of the SR, release of ‘Geom the SR, reuptake of
the C&"into the SR, C& binding to Tn, and interaction of the contractitetgins. The

last step corresponds to the cross-bridge cycleereds the others from the
neuromuscular propagation, have been referred ®adsdisinhibition (Enoka, 2008,

210). These events will be briefly explained beldwacus will be directed to those

processes determining the onset of PAP and dirguotbfved in it.

C&* Disinhibition. The release of G&from the SR and the bonds of calcium ions with
TnC allow moving away TM from myosin binding sitasd initializing cross-bridges
interaction (Enoka, 2008, 210).

Once the action potential reaches the muscle fimaigh neuromuscular propagation,
it is diffused along the sarcolemma and down theibides (fig. 3). This signal is
transmitted to the SR through voltage sensors.€fyeICa" channels open and calcium
ions passively efflux into the sarcoplasma, follegvithe concentration gradient. When
Cd" is above a concentration threshold level (Enok&82@10), C& binds to TnC.
This interaction between €aand TnC causes a rotation in the TM-Tn regulatory

complex, uncovering the myosin-binding site fontand thick filaments interaction. In
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light of this mechanisms, sensitivity of TnC to’Cean be considered as fundamental
for cross-bridges interaction and muscle fibre éoproduction (Gardiner, 2001, 25),
mainly determined from the type of TM and TN isofsr within the thin filaments
(Schaffino & Reggiani, 1996; Gordon et al., 200@y@ner, 2001, 26). When the action
potential has decayed, €as actively returned to the SR by TaTPase pumps,
allowing C&"* concentration returning to its resting level (Endk@08, 211).

Cross-bridge cycleThe repeated actin-myosin interaction linkedhe breakdown of
ATP is referred to as cross-bridge cycle (BillesfeHoppeler, 2003, 53). The ensemble

of the cross-bridge cycles from each myosin helavalmuscle force generation.

Once calcium ions have bound with TnC and myosindibg sites have been
uncovered, the cross-bridge cycle takes place. ioog to Billeter & Hoppeler (2003,
52), it can be divided in 4 different states, rethto the position of the myosin head

(fig. 6).
ATP‘%& fg)p@ﬂrﬂyosin head

State 1 g  Thick filament o State 2

Thin filament

State 4 _g State 3

FIGURE 6. Model of the cross-bridge cycle. Myosinkiound to ATP, the globular head is
detached from actin (state 1). ATP is cleft in ABRI R, which causes a weak bound between
the myosin head and the actin site (state 2s Rleased, strengthening the bond (state 3). The
subsequent release of ADP leads to a swing of thesim head lever arm (power stroke),
shortening the sarcomere (state 4). ATP is taketougetach actin and myosin and restart the

cycle (adapted from Billeter & Hoppeler, 2003, 53).



16

In state 1, the myosin head is not bound to actthleas ATP in its respective pocket. In
state 2, the ATP is cleft in ADP plus phosphatg. (Fhis reaction allows the lever arm
of the globular head moving, assuming the propsition for the stroke of the cycle; P
is then released and the myosin head binds straleghctin (state 3). This release,
followed by the ADP one, is accompanied by a twisthe lever arm of the globular
head, pushing the thin filament toward the middi¢he sarcomere, i.e. shortening the
muscle fibre (state 4). This phase has been reféaeas “power stroke” of the cycle
(Billeter & Hoppeler, 2003, 53). Subsequently, Abiads to the myosin head causing
detachment from actin, and making the complex readstart another cycle. Although
cross-bridge cycle dynamics is important for mu$idlee and muscle force production,
the main regulatory step of the powerstroke isdahito the availability of the binding
site for the myosin head (Billeter & Hoppeler, 20@3). This underlines (again) the
importance of the Tn-TM complex (uncovering the sigebinding site), and TnC
sensitivity to calcium ions in muscle fibre contran (Schiaffino & Reggiani, 1996;
Gordon et al., 2000; Gardiner, 2001, 26).

2.1.5 Role of the RLCs in muscle contraction

As earlier mentioned (see “The sarcomeres and tyailaments”), the myosin head

contains a 20 kD portion, which include two smaibtpin-subunits, the ELC and RLC,
which play an important role in modulating actin@sin interactions (Gardiner, 2001,
19). In the following section, focus has been deddoward the RLCs, due to its direct
involvement in muscle contraction and PAP, fadilitg mobility of myosin heads, thus

cross-bridges formation (Grange et al., 1993; Segen al., 1993; Stull et al., 2011).

The primary role of RLCs is altering cross-bridgendtion through phosphorylation
(Gardiner et al., 2001, 22; Stull et al, 2011). WiG"is released from the SR, it binds
with TnC to allow uncovering the myosin-bindingesitn addition, C& combines with
calmodulin (CaM, a sarcoplasma calcium binding girjt which requires four Gato
form a calcium-calmodulin complex (Stull et al. 120. The complex activates then the
myosin light chain kinase (MLCK), the enzyme resgible for RLC phosphorylation
(RLC-P). From the cleft of one ATP molecule in AD&d R, the RLC is
phosphorylated (Stull et al., 2011).
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Being activation of MLCK C&-dependent, RLC-P is regulated from the same aalciu
signal modulating muscle contractions (Stull et2011). Thus, RLC-P is enabled with
the onset of muscle contraction, during prolongedgepetitive activity (Sweeney et al.,
1993; Stull et al., 2011).

The importance of myosin RLC-P resides in the atien of myosin motor function,
enhancing basic properties in actin-myosin intéoast(Grange et al., 1993; Sweeney et
al., 1993; Stull et al., 2011). Firstly, RLC-P r#sun the myosin head moving away
from the thick filament toward the binding site the thin filament (Stull et al., 2011),
facilitating their interaction. Secondly, an incseain sensitivity of TnC to Gais
mediated by RLC-P, leading to a higher number dfvaccross-bridges for the same
sarcoplasma G&concentration (Grange et al., 1993; Sweeney £1883; Stull et al.,
2011).

Although RLC-P facilitates cross-bridges interacti®LC-P has been reported to have
scarce effects at high sarcoplasm&‘@ancentration level, as well as little effects on
maximal shortening velocity of the muscle fibre u{Stet al., 2011). When G&
concentration is high, the fraction of cross-brglga the force-generating state is
already high, therefore contractile proteins do henefit from an increase in €a
sensitivity (Tillin & Bishop, 2009; Stull et al.,021). Additionally, RLC-P does not
influence the kinematic properties of the myosimderesulting in a little ability to

influence the maximal shortening velocity of thestle fibre (Stull et al., 2011).

Overall, RLC-P is linked to single, prolonged opeé&tive muscle contractions. The
above mentioned aspects advocate RLC-P as fundamfamt facilitating myosin
mobility in cross-bridges formation. However, tpisenomenon might modulate muscle
fibre shortening neither when maximal velocity nmaximal force is required (i.e. at the
extremes of the muscle fibre force-velocity curdepding to cross-bridge interaction
facilitation at muscle fibre sub-maximal force avelocity production (Grange et al.,
1993; Sweeney et al., 1993; Stull et al., 2011)aing the focus from the muscle
fibre to the muscle function, muscle contractiors Heeen found to benefit from
phosphorylation of RLCs (Sale, 2002; Tillin & Bigho2009; Stull et al., 2011) (see
“Muscle mechanics” and “Post-activation potentiatjo



18

2.1.6 Muscle mechanics

The contractile function of skeletal muscles resid@ its complex structure,

organization and composition (Enoka, 2008, 231Jleéd, the force a muscle exerts
depends on both contractile (active process ofsebosige cycling and filament

overlap) and structural (connective tissue and skgleton) properties (Enoka, 2008,
234). Because of this interaction, the force outgufunction of muscle length and
speed of contraction. The ensemble of these rakdttips is referred to as “muscle
mechanics” (Enoka, 2008, 234).

Force-length relationshipWhen a muscle is maximally activated, the isoindbrce
developed depends on the length at which the mist¢leld (Rassier et al., 1999) (fig.
7). The contribution of active and passive comptsém total muscle force vary over
the range from the minimal contraction length te thaximal stretched length (Enoka,
2008, 235). The total force (open connected cirdhedig. 7) is the sum of both

components.
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FIGURE 7. Contribution of active (open unconneatédles, parabolic function) and passive
(filled circles) elements to the overall (open cected circles) force-length relationship of the
whole muscle. (From Enoka, 2008, 235).
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The active component (open unconnected circlegir/j represents the force deriving
from the contractile elements (Macintosh, 2003,)1680 has an ascending limb, a
plateau and a descending limb. The plateau cornelspto the muscle length at which
overlap of the myofilaments within the sarcomeregptimal (Macintosh, 2003, 169).
Previous to, and beyond the optimal muscle lenthih,active force decreases, as less
number of cross-bridges are formed (non-optimahaahd myosin filaments overlap)
(Rassier et al., 1999).

When muscle length is beyond optimal (plateau megior the active component, albeit
the force exerted merely from cross-bridges intevacdecreases, the overall force is
enhanced due to the contribution of the passivepom@nt (filled circles in fig. 7). This

portion of the curve is accompanied from the etafstice derived by the elongation of

tendinuous and intramuscular connective tissuetstres (Enoka, 2008, 235).

Although the force-length relationship generallyldas the explained pattern in
skeletal muscles, the contribution between actha @assive force at a certain point in
length might considerably differ between musclese do their different operating

length in movement (Rassier et al., 1999).

Nevertheless, increased muscle length affectswilieht a muscle can exert, enhancing
its response (Rack & Westbury, 1969). This phenanas due to contribution to the
force output of passive structures (Rack & Westhut969), and partially to

geometrical changes at the fibre level, involvirgira filaments and myosin heads

brought closer from muscle elongation (Endo, 1973).

Overall, force-length properties are influential emh evaluating muscle function.
Comparability between measurements will benefimfrassuring a constant muscle
length at each point in time whereas muscle funascevaluated. At the joint level, the
stable muscle length can be at best ensured mamdaa fixed joint angle (Rassier et
al., 1999)

Force-velocity relationshipThe force produced by the muscle-tendon compégpedds
on the speed of contraction (Enoka, 2008, 236)s Thincept was introduced from the
pioneer work of Hill (1938), whereas the force-\ay relationship was described from

isolated muscle preparations. It took several desad validly confirm and expand the
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fundamental properties of the skeletal muscle etdrthfrom this first experiment to

human skeletal muscles in vivo (Komi, 2011) (fig. 8

In concentric contractions the force has been shmwpecome increasingly higher as
the shortening speed is made slower, whereas iengac contractions, augmented
lengthening velocity corresponds to increased fanatput (Komi, 2011) (fig. 8). With

regard to the power that a muscle can produce,hwkithe product of the force it exerts
and the speed at which it shortens, the peak oatuabout one third of the maximum
shortening speed in concentric actions, and itemees as a function of lengthening

velocity in eccentric actions (Komi, 2011) (fig.8).
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FIGURE 8. Force-velocity and power-velocity cuniesconcentric (right) and eccentric (left)
actions. In concentric contractions, the force bee® increasingly higher as the shortening
speed is made slower, whereas in eccentric comnactaugmented lengthening velocity
corresponds to increased force output. The pealepmnat a velocity of about one third of the
maximal shortening speed for concentric actiongreds it increases in the eccentric phase as a

function of lengthening velocity. (From Komi, 2011)

The force output as a function of speed of contvads dependent on muscle fibre type
composition and muscle design (Enoka, 2008, 236). the aim of the present
investigation, two points of the force-velocityagbnship are particularly noteworthy to
be analyzed, that is, when the maximum shortengigcity, and the maximal isometric

force are attained (the two extremes of the fomleaity curve within the concentric
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action). Understanding the respective contributimgchanisms, in terms of fibre type
composition and biochemical events within the meididres, will help to understand
the effects of PAP on muscle performance (see “fteriemm PAP in power

performance”).

Maximum muscle shortening velocity is mainly affsttfrom contractile proteins
isoforms (i.e. fibre type distribution) and frometimumber of sarcomeres and muscle
fibres in series within the muscle (Schiaffino &dgeani, 1996; Gordon et al., 2000;
Enoka, 2008, 236). The former variable determithesrate of cross-bridges formation
(higher with contractile proteins isoforms belorgito type Il fibres), whereas an
increase in the latter morphological characterigtithances the amount of muscle
shortening per unit of time, resulting in a higheaximal contraction velocity
(Schiaffino & Reggiani, 1996; Gordon et al., 20&dpoka, 2008, 236).

When the speed of shortening is zero, that ispthscle is maximally and isometrically
activated, sarcoplasma calcium ions concentraaimost saturated, and the maximal
exerted force depends on the number of active 4mdges (Macintosh, 2003, 171;
Stull et al, 2011).

Overall, the force-velocity relationship of a mwescd determined from its composition
(histochemical properties of fibres), intramuscutalieu, and design. Alterations in one
of these characteristics affect the contractile mraary functioning, therefore muscle

mechanics. As an instance, RLC-P has been foumttease the contractile response
of concentric actions, enhancing the force outputaf given shortening speed due to
facilitation in cross-bridges interactions, withtlé or no effects when maximal

shortening velocity or isometric force is requi{&ahle, 2002). This phenomenon will be

later illustrated (see “Benefit from PAP in powe&rformance”)

2.2 The efferent pathway of the PNS
2.2.1 Motor neuron
The motor neuron is a part of the PNS and reprsgéiet “final common pathway” by

which the commands from the CNS are sent to thelagnoka, 2008, 215). The cell
body of the motor neuron is located in the antehimm of the spinal cord (fig.9). The
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axon of each motor neuron exits the spinal cordugjin the ventral root and runs in a
peripheral nerve to the muscle. When the axon emathe muscle, it branches and
innervates from a few to several thousand musbiegi which ensemble is known as
motor unit (MU) (fig. 9) (Enoka & Pearson, 2013876

FIGURE 9. The anatomy of a motor unit. A) Crosgtisecof the spinal cord, representing grey
and white matters, dorsal and ventral roots. Baki@ment of the anterior horn with the cell
bodies of the motor neurons, each one sendingkite o the muscle underneath. C) Muscle
fibres supplied by the branches of a single axamnk@ghed). This population of fibres, together
with the motor neuron (cell body and motor axornstitutes a single motor unit. (From
Maclintosh, 2003, 157).

2.2.2 Motor unit

The MU (a motor neuron and the muscle fibres itemates, fig.9) is the basic
functional unit by which the nervous system corstroluscle force, therefore human
movement (Enoka & Pearson, 2013, 768). Most sKeletascles comprise a few
hundreds of MUs, from about 10 to 1500, respectividr small and large muscles
(Enoka, 2008, 215). Moreover, the number of muddkees within a MU (i.e.
innervated by a motor neuron) varies from a feweweral thousands, depending on the
muscle (Enoka & Pearson, 2013, 770).
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2.2.3 Twitch and tetanus as measures of a MU contle properties

The properties of a MU are referred to as contactspeed, maximal force and
fatigability. They can be assessed by examining firee exerted by the MU in
response to a single action potential, namely Wiech contraction, or to a series of

superimposed twitches, known as tetanus (fig.16pkB & Pearson, 2013, 770).
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FIGURE 10. A) Twitch response of a MU. CT, contracttime; HRT, half-relaxation time. B)
Twitch (at the top) and tetanic forces (at the droitfor a MU. Four tetani with different rate of
stimulations are shown. At 100 pulses per secopd)(ptimulation rate, the MU exhibited a
fused tetanus (adapted from Enoka, 2008, 220).

The time a twitch takes to reach its maximal fovedue (peak force) is represented
from the contraction time (CT) (fig. 10A). In addn, the twitch response is
characterized from the half-relaxation time (HRT1ig.(10A), i.e. the time taken by the
force to decline to one-half of its peak value. @d HRT are used as measures of
contractile speed and relaxation of the muscleefibincluded in the MU and they
mainly depend respectively from the rate of‘Qalease and its reuptake in the SR.
Additionally, sensitivity of the contractile macleiry to calcium ions plays a role in
their magnitude (Enoka, 2008, 220).
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The tetanic contraction (fig. 10B) is characterizexmin the peak force, and the rate at
which the peak force decreases over time (Enok@d8,2221), the latter estimating the
fatigability of the MU. The peak force depends bt extent to which the twitches

overlap and summate (rate of stimulation) (Enokiaesarson, 2013, 771).

When assessing the maximal force of a MU, fuseahieffig. 10B) are preferred to
single twitches because they better reflect thareadf a MU activation (Enoka, 2008,
220). During a muscle contraction, MUs are raretyivated to produce individual
twitches. Indeed, they receive a number of actiotemtials that result in overlapping
twitches, which summate to produce the charactefstce profile of a tetanus (Enoka,
2008, 220).

2.2.4 MU and fibre type classification

Three types of MUs have been described, namely, stmtracting-fatigue resistant (S),
fast contracting- fatigue resistant (FR), fast cacting —fast to fatigue (FF) (MacIntosh,
2003, 190), relating to their contractile propestigable 1; fig. 11). However, even
though contractile properties tend to be associaidun a MU, there are considerable
overlaps between different MUs in twitch speed forde (Macintosh, 2003, 190). The
contractile properties of a MU depend on both #etudres of the motor neuron and the

muscle fibres it innervates (fig. 11).

Several classification schemes, based on histodaénbiochemical, and molecular
properties, have been used to identify differerdpprties of the muscle fibres. One
commonly used approach is to assay for the enzymiPa8e activity, index of
shortening velocity of the muscle fibre (Enoka, 0B22). Type | fibres are referred as
slow twitch fibre, and type Il as fast-twitch filsteType Il fibres can be further divided
in type lla and type lIb, reporting the type libries the fastest twitch (Enoka, 2008,
223). Referring to the histochemical and molecplaperties, differences between type
| and type Il fibres involve the isoforms of myodieavy chains, TM, Tn, ELC, RLC
(Schiaffino & Reggiani, 1996; Gordon et al., 2000ype Il fibres exhibit a higher
degree of RLC-P than type | fibres (Moore & StaB84; Grange et al., 1993; Sweeney
et al.,, 1993; Stull et al., 2011). Physiologicalfatences between muscle fibres are

strongly associated with variation in contractitegerties between MUs (Table 1), so
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that type I, lla and llb fibres generally belongpectively to type S, FR and FF MUs
(Maclintosh, 2003, 191).

Numerous features of the motor neurons themselwescarrelated with the muscle
fibres they innervate, and respectively, with th&svithey belong (Macintosh, 2003,
192). Motor neurons of type S MUs have smaller ditm lower conduction velocity

and innervate smaller number of muscle fibres per thlan motor neurons of type FR
and FF MUs (fig. 11A) (Macintosh, 2003, 192). Besidhese characteristics being
influential on the contractile properties of the BJUthey are determinants and
discriminants in the recruitment of the MUs (seeU#lactivation”) (Macintosh et al,

2006, p. 199).

TABLE 1. Motor unit and fibre type classificatioritivrespective contractile properties. FF,
fast contracting -fast to fatigue; FR, fast cortirag—fatigue resistant; S, slow contracting —
fatigue resistant. Fibre types belonging to ttepeetive MUs are reported in brackets.
(Adapted from Maclintosh et al., 2006, 191)

Motor unit type

Property S FR FF

() (l1a) (l1b)
Twitch speed Slow Fast Fast
Tetanic force Small Intermediate Large

Fatigability Low Low High
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FIGURE 11. Summary of the MU properties. MU typEE;, fast contracting - fast to fatigue;
FR, fast contracting - fatigue resistant; S, slamtracting - fatigue resistant. The fibre type
belonging to the MUs is reported in brackets. Ag#&nization characteristics of MUs. B)
Respective twitch responses. Note the increasinigliger number of muscle fibres innervated
by the motor neurons from MUs type S to FF, anddhreesponding increasing peak force of
twitch responses. (Adapted from Macintosh et &I0&2 190)

2.2.5 Twitch as a measure of a muscle group contr@le properties

Twitches have not exclusively been used for theesssent of individual MUs.
Enlarging the focus at the muscular level, twitcbas be evoked for the evaluation of a
muscle group contractile properties (Paasuke €1999; Millet et al., 2011).

When a percutaneous stimulus is applied over tmeengunk innervating a muscle
group, motor axons are excited, resulting in amoacpotential within the respective
innervated muscle fibres. If the stimulation is leggb by a supramaximal current
intensity (i.e. all the motor axons within the netvunk are recruited, see “H-reflexes”
in “Measuring spinal excitability”), an action patel is evoked in all the MUs of the
innervated muscles, being therefore fully activatBae resulting force exerted by the
muscle group is known as supramaximal twitch, whrepresents its contractile

properties (Paasuke et al., 1999).
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Likewise MUs contractile properties assessment, chreusupramaximal twitches are
characterized from peak force, CT and HRT (Paastiké, 1999; Hamada et al., 2000).
Variations in these parameters have been widelg tesdetect modifications within the
fibres of the stimulated muscles (Hamada et alQ02@audry and Duchateau, 2004;
Fukutani et al., 2014). For instance, changes prasnaximal muscle twitches peak
force have been used to detect whether maximalntany contractions cause a
subsequent potentiating effect on muscles contrgetiachinery (Hodgson et al., 2005)

(see “Quantification and underlying mechanism oPPA

2.2.6 M-wave as a measure of neuromuscular propagan integrity

From muscle twitches, the integrity of muscle neunscular propagation can be also
estimated (Fuglevand et al., 1993). For this pugpesrface electromyography (EMG)
is used, obtaining electromyogram responses catl@dimal M-wave (Mmax; Enoka,

2008, 258). Comparisons between Mraaxplitudes allow inferring whether changes in

neuromuscular propagation has occurred (Fugleviaak, 4993)

If surface EMG recording electrodes are placed ocwemuscle belonging to the
stimulated muscular group, the sum of the eledtacéivity of the respective muscle
fibres beneath the electrodes can be detecteck(eetromyogram) (Enoka & Pearson,
2013, 769). When the stimulus evoking the supramakiwitch is released, an action
potential is generated in all the motor axons witihie nerve trunk, propagated toward
the NMJ and the muscle fibres membrane. The surtakls response of this

neuromuscular propagation is called Mmax (fig. 1Because it represents the
simultaneous electrical activity of all the muséleres within the muscle (the entire
muscle motor neuron pool is activated) (Enoka, 2Q@%8). One of the most common
used methods to quantify Mmaxagnitude is the peak-to-peak amplitude (Zehr et al
2002), namely, the difference between the highedtthe lowest peak of the Mmax

electromyogram trace.
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M wave

FIGURE 12. Corresponding surface EMG muscle resptms supramaximal twitch (maximal
M wave). The peak-to-peak amplitude is charactdrizem the difference between the highest
and the lowest peak of the EMG trace (Adapted fEoroka, 2008, 258).

The Mmax has been widely used to probe the integfithe pathway between the site
of the stimulus (motor nerve) and the recording &ihuscle fibore membrane). That is,
Mmax tests the integrity of the neuromuscular propagattcansduction of the action

potentials) (Enoka, 2008, 258; Fuglevand et al93)9Due to the chief involvement of
NMJ and muscle fibres’ membrane in neuromusculapg@gation, changes in Mmax
peak-to-peak amplitude mainly represent alteratiomseither the failure of the

neuromuscular transmission (at the neuromuscutattipn level), or the amplitude of
the muscle fibres action potentials, or both (Fugtal et al., 1993).

2.2.7 MUs activation

The CNS controls muscles force by varying both ribenber of activated MUs (MU
recruitment) and their activation frequency (ratding) (Enoka, 2008, 223).

MU recruitment MUs are always recruited in order of increasiizg sas revealed from
the pioneer work of Henneman et al. (1965). Siie® principle was proposed, named
“the size principle”, which was based upon resfiitsn cat motor neurons, several
studies have presented strong evidence of the \abs=r of this pattern of MUs
recruitment in human muscle action (Desmedt & GagaQ78; Feiereisen et al., 1997;

Ivanova et al., 1997).

During the execution of a voluntary movement, mateurons receive inputs from

spinal and supra-spinal centres. For a similar arhoticurrent input (i.e. post-synaptic
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current), the change in voltage (variation in mesmnler potential) that can be expected
from small motor neurons is higher than from largees due to the higher input

resistance, mainly caused from their lower crossiseal areas (Henneman et al.,
1965). Thus, action potential thresholds (resulfmogh changes in membrane potential)
are easier to be evoked in smaller motor neurcasety, smaller motor neurons have
lower recruitment thresholds. MUs are hence reeduibllowing the size principle, that

is, fast-twitch MUs recruitment is preceded froraveltwitch MUs one (Henneman et

al., 1965).

The recruitment order of MUs, although some valigbifor MUs with similar
recruitment thresholds (Feiereisen et al., 19%7)espected for isometric and dynamic
voluntary contractions (Duchateau and Enoka, 2088) during rapid isometric or
shortening actions (Desmedt & Godaux, 1978; Ilvaneval., 1997). Nevertheless, in
rapid contractions, the recruitment threshold of $visl reduced, allowing their earlier

activation, facilitating the performance of fastvements (Desmedt & Godaux, 1978).

MUs rate codingMUs can increase their exerted force througheiases in discharge
rate (Van Cutsem et al., 1997). The minimal disgbaate is lower for small, compared
to large, MUs (Van Cutsem et al., 1997; Enoka, 2@25). Lastly, MUs peak discharge
rates achieved during rapid (isometric or dynamtractions are much greater than
those recorded during slow contractions (lvanovaakt 1997; Van Cutsem &
Duchateau, 2005).

Overall, the organization of the PNS in MUs allotsgnsmitting action potentials to

muscle fibres efficiently and regulating muscle ctorthrough modulation of MUs

recruitment and rate coding (Enoka, 2008, 223). ngha in the responses to
percutaneous supramaximal stimulation (twitch anthaM) can be used to detect
modification in the neuromuscular propagation intggof a muscle, or at the level of

the contractile machinery in a muscle group (Fugtel et al., 1993; Paasuke et al.,
1999).
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2.3 CNS

2.3.1 Structure of the CNS

As mentioned earlier, the CNS consists of four nparts, namely, the brain, the brain
stem, the cerebellum, and the spinal cord (fig. (E®)oka, 2008, 288). In this complex
structure, brain stem, cerebellum and spinal coetliate reflexes and automatic
behaviours, whereas cortical motor centres initiatel control voluntary actions

(Enoka, 2008, 288), mainly through the brain priynaotor cortex. To do so, the latter
projects neural pathways to the spinal cord dicetbesynapse with contra lateral spinal
motor neurons (Avela & Gruber, 2011, 118). Theisanble is known as corticospinal
pathways (Enoka, 2008, 289).

Once spinal motor neurons are excited, they digeh&o the muscles, allowing their
contraction, and movement. Therefore, from a sifieglistandpoint, the motor output
depends not exclusively on the activity of the oesrlocated in the motor cortex (i.e.
whereas corticospinal pathways descend from), Ilsot@n the excitability of the spinal
motor neuron pool (Gandevia et al., 1999). Thigdnhical organization of the motor

system is represented in figure 14.

Corticospinal pathways for motor neurons innervabba certain area of the body have
a defined origin, due to the somatotropic orgaimrabf the primary motor cortex

(Enoka, 2008, 209). Over the latter, following thsgructure, each body part is
represented from a specific region. This motoresentation is orderly arranged in an
inverted fashion, i.e. the top of the cerebral Ispinére contains the leg and foot,
whereas the bottom has the face, tongue and mepttesentation (fig. 15) (Enoka,

2008, 289).
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CEREBELLUM

CERVICAL ENLARGEMENT

SPINAL CORD

LUMBAR ENLARGEMENT

CONUS MEDULLARIS

FIGURE 13. Structure of the CNS. The brain stentosposed from mesencephalon (or
midbrain), pons, and medulla, the former and tkieriglaced respectively above and below the
pons and not shown in this picture. The spinal @t#nds from the medulla (just below the
pons) to the conus medullaris. (Frémbp://www.medtrng.com/anatomy%20lesson/bhp13.htm
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FIGURE 14. Schematic and simplified hierarchicalicture of the motor pathways originated
from the primary motor cortex. The motor output elegls on both the activity of the neurons
located in the motor cortex and the excitabilityttoé spinal motor neuron pool (adapted from
Avela & Gruber, 2011, 119; Petersen et al., 2003)



32

FIGURE 15. The primary motor cortex and its somatgit organization. The top (medial) part
contains the leg and foot, whereas the bottomréhteart) has the face, tongue and mouth

representation. (Frommtp://editthis.info/psy3242/Primary_motor_corfex

2.3.2 Measuring corticospinal pathways excitability transcranial magnetic

stimulation

Transcranial magnetic stimulation (TMS) refers he factivation of the corticospinal
pathways by a magnetic field applied over the meatotex (Avela & Gruber, 2011).

Since Barker et al. (1985) discovered and introdubés technique, it has been widely
used in human subjects (Taylor & Gandevia, 2001).

The principle behind the functioning of TMS residasa rapid current pulse change
within the coil placed over the motor cortex, thestds to the onset of a magnetic field.
The rate of the emerging magnetic field induceslaatric current through the scalp,

depolarizing cortical neurons membrane (Avela &li&ni2011).

Corticospinal pathways are indirectly stimulatedTdS (Di Lazzaro et al., 2001) (fig.
16). Being the electric current evoked from TMSheatsuperficial, it does not result in
direct activation of the corticospinal axons (Aveta Gruber, 2011). That is,
corticospinal pathways are mainly activated fronticocortical neurons (Di Lazzaro et

al., 2001; Avela & Gruber, 2011). Therefore, thenstation output have an intra-
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cortical component, besides a considerable imp&cmotor neurons excitability
(McNeil et al., 2013).

]
-

FIGURE 16. Stimulation of corticospinal pathwaysotigh TMS. The soma within the circle
represents the cell body of one pyramidal neurathimvthe primary motor cortex. Note that, in
TMS, corticospinal pathways are activated indisetly corticocortical neurons (adapted from
Avela & Gruber, 2011)

Due to the previously mentioned somatotropic orgaion of the primary motor
cortex, corticospinal pathways directing to a mateuron pool of a specific body area
can be stimulated (Avela & Gruber, 2011). If suefaectrodes are place on the skin
over the muscle included in the stimulated area¢ctedmyogram responses can be
recorded. These responses are referred to as exaked potentials (MEPS), and they
are used as indication of the global excitabilityttee corticospinal pathway (Avela &
Gruber, 2011).

Despite the complex nature of the corticospinaleysl generated by TMS, they are
deemed to produce an orderly recruitment similah& found for voluntary activation,

following the size principle (Bawa & Lemon, 1993).

As previously mentioned, the motor output is coestly influenced from the
excitability of the spinal motor neuron pool (McNeit al., 2013). That is, MEPs
represent the overall responsiveness of corticalrams and spinal motor neurons

(Avela & Gruber, 2011). Therefore, for distinguishi between cortical and spinal
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influence on corticospinal excitability, measuretseaf spinal segmental excitability
have been performed and compared with MEPs (Gaadsval., 1999; McNeil et al.,

2013). The next part will briefly describe the tejues used to test spinal excitability
in humans, focusing on the H-reflex technique, Whiwas used in the present

investigation.

2.3.3 Measuring spinal excitability

From a functional perspective, spinal excitabilitgs a primary role in muscle
contraction (McNeil et al., 2013). Two main pathwaypnverge at the spinal segmental
level, namely the corticospinal and spinal reflathpvays (see fig. 1 for a schematic
representation), both extensively regulating hummvement (Gollhofer, 2003, 331,
McNeil et al., 2013). As both tracts project to mroheurons, the potentials evoked
from direct current stimulation of these pathwagsénbeen used as a measure of motor
neurons pool excitability. Having access to thelatioon of motor neurons excitability
is a great advantage in neural studies. For instaadigher excitability of the motor
neuron pool might bring to a greater number ofuided MUSs, or to discharge at higher
frequencies, in muscle contractions (McNeil et2013). Three methods have been
mainly used for testing spinal excitability, and fmmparison with MEPs evoked by
TMS to infer of central or spinal adaptations, ngmianscranial electrical stimulation
(TES), cervicomedullary stimulation (CMS), and Hvo#nn reflexes (H-reflexes)
(Avela & Gruber, 2011; McNeil et al., 2013). Thenfioning of these methodologies is
briefly explained below, with their main advantagesl drawbacks in comparing the

resulting stimulation output with corticospinal @ability measurement.

TES and CMSBoth TES and CMS directly activate corticospidescending pathways
(Rothwell et al., 1994; Ugawa et al., 1991). TE&ssts in electrical stimuli applied to
the motor cortex (Rothwell et al., 1994), where&$Js applied between the mastoids,

at the level of the brainstem (pyramidal decussatieedulla) (Ugawa et al., 1991).

Comparisons of MEPs evoked by TES and CMS, to tlimse TMS, allow inferring
whether changes occurred mainly at the corticapanal level (Gandevia et al., 1999;
Avela & Gruber, 2011). The reasons behind this areemainly two. Firstly, TES and

CMS output is not affected from corticocortical hanisms as in TMS (Avela &
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Gruber, 2011). Secondly, corticospinal pathwayseappo lack presynaptic inhibition
(Nielsen & Petersen 1994), and thus TES and CM§@oreses are likely to reflect

changes in the corticospinal axonal path and mwarons (Gandevia et al., 1999).

Despite the aforementioned advantages, TES and QGhBce a considerable
discomfort in the subjects. Moreover, CMS might adlow to record responses of

sufficient size in some muscles (McNeil et al., 201

H-reflexes This technique is based upon reflex responsekeevfyxom the stimulation
of a peripheral nerve. H-reflexes were termed smabsge firstly described in the soleus
muscle by Hoffmann (1918). The H-reflex reflects ttesponse of the motor neurons
pool to a volley from muscle spindle afferents (MdNet al., 2013) (fig. 17), involving

therefore the spinal reflex pathway.

Likewise Mmax, which results from a muscle twitdhsreflexes are recorded from
surface EMG by placing the recording electrodegherskin over the muscle of interest.
The electromyographic outputs are known as H-wavéseflexes are quantified
through the peak-to-peak amplitude of the respeaixoked H-waves (fig. 18) (Zehr et
al., 2002).

When a series of progressively stronger stimuli applied over the nerve trunk
innervating a muscle group, the la afferents tima@ieivate muscle spindles sensory
receptors, because of their large diameter, wikkated (Zehr, 2002). The synaptic la
input will recruit motor neurons in an orderly fash, following the size principle
(Buchthal & Schmalbruch, 1970). This mechanism Itesin a recorded H-wave
deriving from the membrane action potential of theruited muscle fibres within the

muscle of interest.

The H-reflex is recorded if stimulation intensisyabove the threshold for activation of
la afferents (Zehr, 2002). Once the threshold hasnbreached, the higher the
stimulation intensity, the greater the sensoryexglnd the higher the number of MUs
recruited through the reflex loop (Zehr, 2002). THewave amplitude response
increases as a consequence of the latter factashing the highest value known as
Hmax (Zehr, 2002) (Fig. 19A).

However, increases of stimulation intensity alsoseadirect depolarization in the motor

neurons, resulting in an additional, earlier thhe H-wave, onset of muscle fibres
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action potentials, referred to as M-wave (Zehr,2@®g. 19B). Further increases in
stimulus intensities contribute to the growing Mweadue to the higher number of
activated motor axons, and to decreases in H-wamplitudes, owing to the

consequent raising antidromic volley (McNeil et, #013) (Fig. 19A). There is a
stimulus intensity at which all the motor axons directly activated, and the antidromic
volley collides and overcome MUs action potential®ked through the reflex loop
(Zehr, 2002). The resulting M-wave has the maxinwatne due to the full activation of
the muscle. This stimulation intensity is known “asaximal” and the M-wave is

referred to as MmagZehr, 2002) (Fig. 19A). Current intensities abdkis value and

the evoked mechanical responses are referred tespectively “supramaximal”, and
“supramaximal muscle twitches” (see “Twitch as aaswe of a muscle group

contractile properties”).

pres:,rnaptic%
inhibition
_,-"‘..._-H‘

la afferent motor axon

= submaximal
electrical
stimulation

FIGURE 17. Schematic representation of the volleg pathway involved in the production of
the H-reflex. 1) The sensory volley is evoked friira submaximal electrical stimulus over the
nerve trunk, which recruits MUs within the motomunens pool according to the size principle.
2) Presynaptic inhibition can influence afferenpuhto the motor neurons (MN). (Adapted
from McNeil et al., 2013).



37

Stimulus 10 ms

FIGURE 18. Corresponding surface EMG muscle respdosan evoked H-reflex (H wave).
The peak-to-peak amplitude is characterized froendifference between the highest and the
lowest peak of the EMG trace (Adapted from Enokf)& 257).
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FIGURE 19. A) Example of recruitment curve of Hlexks. Note the variations of the H-wave
and M-wave with increasing stimulus intensities. BYIG response to a stimulation intensity
evoking both M-wave and H-wave. (Adapted from En@@08, 258).

Direct comparisons of the H-reflex evoked potestialith MEPs by TMS to
differentiate between cortical and spinal (motouns@al) mechanisms is improper
(Petersen et al., 2003). Although H-reflexes cogeeto motor neurons, the evoked
volley crosses a different pathway and synapse timarthe corticospinal tract,
respectively the spinal reflex pathway and the laotor neuron synapse. This makes

the evoked volley susceptible to a number of meshas which alter the size of H-
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reflexes independently of motor neurons, thus agldimcertainty in interpreting
responses as indicators of motor neurons pool ahiity. The major mechanism
contributing to this incongruity is presynaptic iipition of la terminals, which
extensively controls and fine-tunes the affereghal to motor neurons (Zehr et al.,
2002; McNell et al.,2013) (fig.17). Indeed, for tkame peripheral stimulus intensity
and motor neurons pool excitability, an increasé decrease in presynaptic inhibiton
lead respectively to suppressed and enhanced estérdvave, without real changes at
the motor neurons pool level (Zehr, 2002). Othestdis, to be considered when
interpreting H-reflexes after previous activatiomdawhich curtail their outcome, are
postactivation (homosynaptic) depression (i.e. eke in transmitter release from the
la afferent terminals due to ongoing or previoysetitive activation of the la - motor
neuron synapse), and axonal hyperpolarization o&ffarents (Hultborn & Nielsen,
1998; Pierrot-Deseilligny & Burke, 2012, 85). Filyalcontribution of oligosynaptic
pathways to the reflex response is another meadmatfiat can selectively influence the
size of the H-reflex regardless of changes in mateurons excitability (Pierrot-
Deseilligny & Burke, 2012, 11). In light of thesersiderations, it seems reasonable
that H-reflexes should not be used to infer chamgesxcitability at the motor neuronal
level, and especially they should not be compawmedVEPs evoked by TMS for
discriminate between changes at the spinal or sppral compartment. If caution is
taken to control for constant experimental condgioH-reflexes represent a valid mean
for measuring the efficacy of the spinal reflex hyvedy, which has a considerable
contribution in force development in movements (Gafer, 2003, 339).

Overall, the CNS controls the motor output throwgimplex interactions. Voluntary
actions are extensively controlled through descendborticospinal pathways from the
primary motor cortex. Presenting the latter a sotnapic organization, corticospinal
pathways excitability of the neural circuitry dited to a specific body area can be
detected through TMS. Due to the dependence afethdting MEPs on the excitability
of the motor neurons pool, attempts have been nmadsstinguish between cortical and
spinal mechanisms or site of adaptations using exgnvg stimulation techniques,
namely TES, CMS, H-reflexes, each of these havipatages and drawbacks. As
reported, albeit the volley evoked with H-reflexegolves the motor neurons, several
factors at the la- motor neuron presynaptic level affect the resglenoked potentials.
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Thus, H-reflexes should be interpreted as changelea efficacy of the spinal reflex
pathway rather than altered motor neurons excitabil
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3 POST-ACTIVATION POTENTIATION

The performance of a skeletal muscle is affectedggontractile history (Sale, 2002).
The most obvious example is neuromuscular fatigugich can be defined as any
exercise-induced decrease in maximal voluntaryefancpower produced by a muscle
or muscle group (Taylor & Gandevia, 2008). Convigrse this impairment of muscular
function, studies have supported the hypothesis toatractile history may also
facilitate the production of force (Vandervoortatt 1983; Gullich & Schmidtbleicher,
1996; Baudry & Duchateau, 2006). This phenomenabieen named post-activation
potentiation (PAP) (Sale, 2002). PAP is inducedmfr@ voluntary contraction
performed at a maximal or near-maximal intensityk{i#ani et al., 2014), named
conditioning contraction (CC) (Sale, 2002). Theutssare subsequent enhanced muscle

contractile properties, and power performanceaugiinancreased RFD (Sale, 2002).

The next sections will examine the aforementioné@npmenon and the resulting
improvements in power performances. Firstly, thgspflogical mechanism underlying
PAP, and the prevalent measure for its quantificatvill be described. Secondly, the
dependency of PAP on CC parameters (i.e. type,tidarand intensity) and target
muscle fibre composition will be depicted. In thstltwo sections, the reasoning behind
increases in RFD and power output of rapid actioascurrently with PAP, and

indications from previous studies on possible necoatribution will be illustrated.

3.1 Quantification and underlying mechanism of PAP

The supramaximal muscle twitch represents the pertlg used method for
guantification of PAP (Hodgson et al., 2005). Ireggnce of the latter, the twitch
contraction shows an increased peak force and FFale(2002) (fig. 20A). To date,
RLC-P has been proposed as the main responsibleamem of PAP (Hamada et al.,
2000a; Sale, 2002; Baudry & Duchateau, 2004; tul., 2011).

The force and RFD of a twitch contraction are ewkdrfollowing a sustained maximal
or near-maximal voluntary contraction, an evokethrte contraction, or during

sequential twitch contractions (Hodgson et al.,5300he former event refers to PAP
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(Sale, 2002), while the second and third ones reéspectively to post-tetanic
potentiation (PTP), and staircase (Macintosh, 2088).

In PAP, twitch potentiation might last up to 9-15notes after the conditioning

contraction (Baudry & Duchateau, 2004). Muscle ¢tvits are usually evoked at regular
intervals during the time course of PAP to evaluttenagnitude and decay (fig. 20B).
Twitch potentiation is measured expressing the lats@eak force and RFD changes
values as percentages of a non-potentiated (cpritwitch (% change from pre-CC

value) (fig. 20B) (Hamada et al., 2000a). The aantwitch is evoked and recorded
before CC and used as a reference value. The eatemiitch peak force and RFD

potentiation is used to describe and quantify PA&dgson et al., 2005).

B Twitch peak torque
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FIGURE 20. Example of potentiated twitches in kredensors after a 10-sec maximal
voluntary isometric contraction (MVIC), obtainedifn stimulation of the femoral nerve. A)
Pre- (solid line) and immediate (5 s) post-MVIC gded line) twitch recording from one
subject. Note the potentiated peak torque and oaterque development of the post-MVIC
twitch, relative to the pre-MVIC ones. B) Poterg@ttwitches peak torques and respective M-
waves, recorded from the vastus medialis. Valuesapressed as % changes from pre-MVIC

values. * and ** indicate significant difference&hwpre-MVIC values. (Adapted from Hamada

et al., 2000a)
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The conclusion of RLC-P as principal cause of PAes from direct and indirect
evidences in animals and humans muscles (Mooreufl, 31984; Stuart et al., 1988;
Hamada et al., 2000a).

Moore & Stull (1984) directly investigated the effeof RLC-P on twitch potentiation.
Although the experiment was conducted on animalaegs(rats gastrocnemius) and
CC was a 10-second electrically evoked tetanussexpuent twitches peak torque
potentiation was strongly correlated to the ext@nRLC-P (fig. 21). In addition, four
years later (Stuart et al., 1988), the relationmeen RLC-P and twitch peak torque
potentiation was almost confirmed directly in humdwith a high but non-significant
correlation between the two variables) using adébad maximal voluntary isometric

contraction (MVIC) involving knee extensors.
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FIGURE 21. The time course of RLC-P and twitch p&akjue potentiation, following a 10-
second tetanic contraction. Twitch potentiatiorrépresented as the ratio of its peak torque
value on a specific time after the tetanic contoagtto its pre-tetanus value. These results
indicate a strong correlation between RLC-P andctwiension potentiation. (From Moore &
Stull, 1984).

Indirect evidence on human subjects also confirtieddependence between RLC-P
and PAP (Hamada et al.,, 2000a). Hamada et al. 0@€ed a 10-second MVIC of
knee extensors to induce twitch potentiation, ayak tfrom the sample size the four
subjects with the highest and lowest PAP. Followwasgtus lateralis biopses, the
authors reported a strong correlation between llypeiscle fibres and PAP, having the
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group with the highest PAP the greatest amounastftiwitch fibres. Due to the higher
degree of RLC-P exhibited from type Il fibres (S&#J and fibre type classification”)
(Grange et al., 1993; Sweeney et al., 1993; Stwdl.e2011), the results of Hamada et
al (2000a), albeit indirectly, supported the demsmy of PAP on RLC-P.

Lastly, the hypothesis of RLC-P as the main resipignsnechanism of PAP is also
supported from a theoretical standpoint (Grangalet1993; Sweeney et al., 1993;
Vandenboom et al., 1995; Stull et al., 2011). Asvmusly mentioned (see “Role of the
RLCs in muscle contraction”), RLC-P allows bothustural and biochemical changes
within the contractile proteins (Stull et al., 2015tructurally, it facilitates cross-
bridges interactions moving the myosin heads towde thin filaments, whereas
chemically, it increases sensitivity of the TM-Tegulatory complex to Ga(Grange et
al., 1993; Sweeney et al., 1993; Stull et al., 20¥hen a twitch is evoked through
supramaximal nerve trunk stimulation, the actioteptal travels from the stimulated
motor axons to muscle fibres SR, the latter refep§l&”. If RLCs are phosphorylated,
for the same amount of released®Ca greater number of cross bridges will be
activated, and faster, due to the increased sehgito calcium ions, enhancing twitch
RFD and peak force (Grange et al., 1993; Sween&y.,e1993; Vandenboom et al.,
1995; Stull et al., 2011).

3.2 CC duration and PAP decay trend

The duration of CC can affect PAP magnitude. Initamld for a CC (MVIC) length
between 5 and 10 seconds (i.e. optimal duratio@n{érvoort et al., 1983; Rassier,
2000), PAP is characterized from a typical exptiaérdecay trend over time
(Vandervoort et al., 1983; Sale, 2002; Hodgson520lin & Bishop, 2009).

Several CC durations have been used in differamdies (Tillin & Bishop, 2009).
However, as a general rule, the length of the MYdCinducing maximal PAP should
be between 5 and 10 seconds (Vandervoort et &83;1Rassier, 2000). The reason
underlying this principle is PAP as the net resdila coexistence between potentiation
and fatigue resulting from CC (Rassier & MacIntad®00). While RLC-P increases the
sensitivity of the contractile proteins to Cafter voluntary contractions, calcium ions

release is depressed during the recovery fromuatidRassier & Maclntosh, 2000).
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These mechanisms have opposing effects and cakxisiy PAP. Hence, CC (MVIC)
duration between 5 and 10 seconds have been saddesallow the maximum PAP

and lower fatigue to occur (Vandervoort et al., 3;9assier, 2000).

As cited previously (see “Quantification and ungierd mechanism of PAP”), the effect
of PAP might last up to 9-15 minutes post-CC (BguglrDuchateau, 2004). The trend
of the twitch potentiation is characterized frons ipeak immediately after CC.
Thereafter, both peak force and RFD decline exptaign returning to control values
within 9-15 minutes (Baudry & Duchateau, 2004; imi& Bishop, 2009) (see the trend
of the twitch peak torque potentiation curve in 29B).

3.3 Other factors affecting the extent of PAP

PAP can be influenced by a combination of factdmlif & Bishop, 2009). These
include mainly CC type (Baudry & Duchateau, 2004behu et al., 2010; Miyamoto et
al., 2011), intensity (Miyamoto et al., 2011; Fukuit et al., 2014), and fibre type
distribution of the muscles involved in CC (MooredaStull, 1984; Hamada et al.,
2000a).

CC type Different CC types exhibit similar amount of PABaudry & Duchateau,
2004). This finding comes from direct twitch poiatibon comparisons after isometric,
eccentric, and concentric maximal voluntary corntoas (MVCs) of ankle dorsiflexors.
CC duration was set to 6 seconds, and eccentriccandentric contractions were
performend at a movement speed of 5°/s over a&@@jer of motion. Both twitch peak
force and RFD showed similar potentiation betweke protocols, leading to the
conclusion that PAP is not related to the type afkimal CC (Baudry & Duchateau,
2004). However, it is possible that variation ie ttange and velocity of movement in
dynamic CCs might affect twitch potentiation (Bayér Duchateau, 2004).

Electrically-evoked contractions (EECs) have alserbused to cause PAP (Jubeau et
al., 2010; Miyamoto et al., 2011). However, whemparing voluntary isometric and
EECs in quadriceps femoris at an intensity higl@mnt40% MVC, the former ones
induced higher twitch potentiation than the latteoughout the post-CC time course.
This discrepancy is due to the lower number ofvatdéid MUs and higher induced

muscle fatigue in EECs compared to voluntary catitvas for corresponding
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intensities, revealing these factors as drawbactksing electrical stimulation to induce
PAP (Jubeau et al., 2010; Miyamoto et al., 2011).

CC intensity The extent of twitch potentiation has been regbtb be related with the
intensity of CC: the higher CC intensity, the mdife muscle was potentiated
(Vandervoort et al., 1983; Sasaki et al., 2012)weheer, recent evidence has supported
the hypothesis that the threshold of CC intensigucing maximal PAP is different
among different muscles (Fukutani et al., 2014febd, the magnitude of PAP is
saturated after a CC intensity close to the corapletruitment of the MUs within a
muscle (Fukutani et al., 2014) (fig. 22). Theseultsssuggest that the whole muscle
motor neuron pool has to be recruited for exhigitthe highest twitch potentiation.
Thus, for some muscles (e.g. adductor pollicis fe)scsub-maximal contraction
intensities that would allow to fulfill the compé&MUs activation might be enough to
evoke the maximal PAP (fig. 22). This strategy vdochuse a reduction in fatigue
subsequent to CC, an attenuating factor of thenpiateon effect (Fukutani et al., 2014).
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FIGURE 22. The extent of PAP at various CC intéesiin thumb adductor (open circles) and
plantar flexors (closed squares), quantified thiotwgtches evoked respectively from the ulnar
and posterior tibial nerves, 10 seconds after tiieod CC. Plantar flexion was performed with a
knee angle of 90°, therefore emphasizing the rbtae@soleus muscle. The maximum PAP was
reached at 60 % MVC for thumb adduction and at 1009 for plantar flexion, whereas all
the MUs (muscle fibres) are recruited at 40% anh 3VC respectively in adductor pollicis
and soleus (Fukutani et al., 2014). (Adapted frarkuEani et al., 2014).
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Fibre type distribution of the muscles involvedG&. The higher the fibre type Il
percentage within a muscle, the higher the exténtsopotentiation (Moore & Stull,
1984; Hamada et al., 2000a). Moore & Stull (198#npared rats gastrocnemius type |
and type Il fibres twitch potentiation in resporigea tetanic contraction. Type Il fibres
exhibited higher twitch potentiation in both peakrque and RFD. The authors
suggested the higher and lower amount of respégtMeCK (enzyme responsible of
RLC-P) and myosin light chain phosphatase (enzyespansible for the removal of the
phosphate from the RLC) in fast-twitch fibres rethtto slow-twitch fibres as the
mechanism responsible for a higher degree of RL@érefore potentiation, in the
former fibre type. Hamada et al. (2000a) later zardd this finding, revealing a higher
magnitude of PAP in subjects with higher fibre tyfpecomposition in the vastus

lateralis.

Overall, numerous aspects might affect the exteRtAd. Studies have mainly focussed
on CC duration, type, intensity, and fibre typetrgition of the muscles involved in
CC (Moore and Stull, 1984; Hamada et al., 2000ssska et al., 2000; Baudry &
Duchateau, 2004; Jubeau et al., 2010; Miyamotd.e@11; Fukutani et al., 2014).
These factors must be considered to correctly pnéertwitch potentiation magnitude
subsequent to a CC. Moreover, paragons of the egfedPAP between studies can be

made only if the aforementioned factors are conipgara

3.4 Benefit from PAP in power performance

As the name suggests, power performances are yadgtermined by mechanical
power. Mechanical power can be defined as theafafierce developed over a range of
motion, or as force multiplied by velocity (Tilli& Bishop, 2009). Decreasing the time
over which a specific force is developed, witholiereang the range of motion, will
increase mechanical power. PAP can increase meaahgower through an increased
RFD, resulting the concentric portion of the fokedecity curve in an upward and
rightward shift (Sale, 2002; Tillin & Bishop, 200d)g. 23A).

PAP has little effect on the endpoints of the fevetocity curve, namely, the maximal
isometric force and shortening velocity (Sale, 200fin & Bishop, 2009) (fig. 23A).
The reason resides on the mechanism inducing P#eR,i¢, RLC-P (Grange et al.,
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1993; Sweeney et al., 1993; Stull et al., 20119rdased sensitivity of the actin-myosin
complex to C& from RLC-P has meagre or no effects in conditiohsarcoplasma
Cd" saturation, such as those caused by maximal ismmefforts or tetanic
contractions, resulting in lack of changes in tkereed peak force (Vandenboom et al.,
1993; Abbate et al., 2000; Sale, 2002). Parall&lyC-P does not affect the kinematic
properties of the myosin head, thus having littteeat on the maximal shortening
velocity, if any, only due to actin and myosin filants brought closer (Stuart et al.,
1988; Stull et al., 2011).
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FIGURE 23. A) Hypothesized effect of PAP on thectsrelocity relationship. PAP has little or

no effect on the maximum isometric force or maximsinortening velocity. In contrast, PAP

can increase RFD, thus shifting upward and rightwthie force-velocity curve. The relation

becomes less concave. B) Load-velocity relationsddoilting from ballistic contractions before

(open circles) and 1 minute after (filled circles$-s MVIC of the thumb adductor muscles. The
relations are fitted by Hill's equation (dashedelin before MVC; continuous line = 1 minute

after MVC). An upward shift of the load-velocity e leads to increases in power
performance, as indicated by the load-power ralatipp (Adapted from Sale, 2002; Baudry &
Duchateau, 2007).

Although PAP has been found to have scarce effacthe extremes of the force-
velocity curve, increases in rate of torque develept have been shown with loads
between zero (i.e. maximal shortening velocity) #me peak isometric torque (Baudry
& Duchateau, 2007). The higher rate of torque dgwalent would cause an increase in

the attained movement acceleration and velocitpcéesnhancing power output and
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shifting the force-velocity and power-velocity cas/(Sale, 2002; Baudry & Duchateau,

2007) (torque- angular velocity and power-angukdoeity in fig. 23B).

Increased rate of torque development in isomedad contractions due to PAP effect,
is comparable with that of concentric explosiveéard (Baudry & Duchateau, 2007).
Indeed, two experiments conducted from Baudry & lateau (2006; 2007) on the
same muscular group (thumb adductor muscles) shawezhalogous enhancement of
the rate of torque development in the two aforeineed types of action (fig. 24).
Rapid isometric contractions have been used inrakgther studies to quantify the time
course of the changes in RFD within a potentiatedsale state (Gullich &
Schmidtbleicher, 1996; Hodgson et al., 2008; Smital., 2014).
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FIGURE 24. A) Effect of a 6-s MVIC of thumb adductmuscles on the rate of torque
development of rapid isometric contractions, expedsas percentage of the control contraction
(i.e. pre-MVIC) (Adapted from Baudry & Duchatea@02)

Although evidence has been reported for enhanceepperformances in a PAP state
(Tillin & Bishop, 2009), the high inter-subjects nability on the extent of RFD

increases is worth to be mentioned (Tillin & Bishd}D09). Several studies have
reported level of muscular strength, training statel background, specificity of the
subsequent activity, and gender as influential oi@ctof such potentiation (see for
review Tillin & Bishop, 2009). However, to date,ethrole and influence of these

variables have still to be determined (Sale, 2002).
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3.5 Does PAP also have neural contribution?

Increases in RFD of rapid actions in a potentiaate might be related to changes in
excitability of the neural motor pathways. Thiseaien was first presented in a study
conducted by Giillich and Schmidtbleicher (1996)emas 5 sets of 5-s MVIC, plantar
flexions, were used to induce PAP. In the potemtisgtate, a correlation between the
times of the highest expression of the H-reflex konge in gastrocnemius lateralis and
RFD in isometric maximal plantar flexions resultada r value of 0.89. In addition, the
mean correlation coefficient of the time coursehd two variables, was 0.9 and 0.75
for respectively H-reflexes evoked in the gastrocius lateralis and soleus (fig. 25).
This high correspondence was however found onlypower-trained athletes. The
authors conjectured that these athletes, diffgreritbm the endurance-trained
counterpart, exploited PAP as an increased extitalmf the motor neurons pool
(reported from H-reflexes measurement), which adldveasier and higher order MUs
recruitment during rapid contractions, and RFD (i@kil & Schmidtbleicher, 1996).
This was the first experimental evidence of negaitribution to PAP, selectively in

power-trained athletes.

Although the striking correlations were found, tls¢udy presented two major
limitations, namely, H-reflexes were not normalizeal the M-wave, and twitch
responses were not recorded as a measure of astismular PAP. In addition, H-
reflexes were interpreted merely as changes imibt®r neurons pool excitability. This
interpetation must be cautious, as it is now kndvat H-reflex measurement is affected
by several factors, and it should be interpretedhages in the spinal reflex pathway

(Pierrot-Deseilligny & Burke, 2012, 21) (see “Me#dsg spinal excitability”)

Due to the methodological limitations in the abawentioned study, and to corroborate
the finding, the investigation was repeated frondgkon et al. (2008), targeting power-
trained athletes only. From H-reflexes recordedateus, no relationship was found
between their amplitude and increases in RFD dfshial actions. However, it is worth

to be mentioned that drawing correlations betwedfD Rand H-reflexes without

measuring the latter in the gastrocnemius musclgghtnbe inappropriate. Indeed,
evidence has been reported that the excitabilitymoftor neurons pool might be

differently modulated between soleus and gastroamemuscles when high RFDs are
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required in rapid activities, showing a decreasthen“slow” soleus and an irease in
the relatively “fast” gastrocnemius (Moritani et,al990) Concurrently, another stuc
(Folland et al., 2008) used the-reflexes technique to relate reflex potentia

following a MVIC with isokinetic and explosive kneaxtension strength, iding no

relationship.
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FIGURE 25. Correspondence of the time courses & BfFvoluntary isometric plantar flexior
(Fexp, continuous line) and-reflexes amplitude of the lateral gastrocnemius ateugH,
dashed line) before and after '-s MVIC. (FromGillich & Schmidtbleiche 1996).

It is known thatreflexes contribute to a substantial fraction aicégenerated durir
human movement (Stein & Thompson, 2006), and thaaecedreflex contribution
improves the capability for explosive fo (Gollhofer, 2003 33€). Based on these
knowledge and on the original, not corroborated, findingsnf the studyof Gullich
and Schmidtbleicher (19€, the functional role of conditioned-reflex in PAP is still
under debate, especially for the hypothesis thatej-trained atretes might present

neural contribution to PAP comparedthe endurancéained counterpa



51

Moving upstream to the spinal reflex pathway, is ot been over 20 years when
altered excitability in the corticospinal pathwagfer conditioning activity has been
experimentally determined. Research has shown ekeitability of the corticospinal
pathways and motor neurons pool (measured by metarevoked potentials) are
modulated after evoked tetani or MVCs (Samii et296; Gandevia et al., 1999; Balbi
et al., 2002; Petersen et al.,, 2003) (fig. 26)ultexy in altered neural drive in

subsequent submaximal voluntary contractions (Beteet al., 2003).
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FIGURE 26. Normalized responses (to Mmax) of MERsked in biceps brachii from CMS
(A) and TMS (B) in 4 subjects after a 5-s MVIC dib@w flexors. The shaded area denotes the
duration of the MVIC in each panel. The amplitud¢he normalized MEPs represent in A) and
B), respectively, the motor neurons pool excitabiind the overall corticospinal pathways
excitability. Note that the latter responses arpedéent on the former ones. (Adapted from

Gandevia et al., 1999).

Extending this concept to PAP, maximal voluntaryivity might induce short-term
plasticity of corticospinal pathways, which in tumight modulate neural drive in
subsequent ballistic performance. To date, there m@o studies directly either
confirming or denying this hypothesis. For instgnae increase in neural drive as a
consequence of either increased corticospinal domreeurons pool excitability might
be beneficial for recruiting higher order MUs inllisdic contractions, allowing
enhanced RFD (Tillin & Bishop, 2009).

In conclusion, the nature of the neural mechanisiostributing to performance

enhancement, if any, in PAP is not clear yet. Meeepthe question whether power-
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trained athletes might exploit short-term plasfi@f neural pathways for performance
enhancement, compared to the endurance-trainederpart, is still persisting. Being
spinal and supra-spinal components primarily inedhin the performance of voluntary
tasks, a possible role of short-term facilitatioh reeural excitability in ballistic

contractions in PAP needs to be investigated.
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4 PURPOSE OF THE STUDY

MVCs cause PAP, an increase in the twitch mechhn&sponse of a muscle group
(Sale, 2002). Parallelly, RFD of ballistic voluntactions is enhanced (Sale, 2002).

From a neural standpoint, MVCs might concurrentfgc the excitability of the spinal
reflex (Gullich & Schmidtbleicher, 1996) and codspinal motor pathways (Gandevia
et al., 1999). PAP might be therefore characteriizeth a coexistence of increased
muscle mechanical responses and altered corticspimd spinal reflex excitability.
Due to the role of spinal and supra-spinal comptmenvoluntary tasks, it is plausible
that performance enhancement in PAP would be afflebtorn muscular as well as

neural factors.

As mentioned in the previous section, there is mect evidence so far for the latter
conjecture. In addition, evidence has been predeht® power-trained athletes might
report neural potentiation and exploit it in suhsag performance, differently from the
endurance-trained counterpart (Gullich & Schmidtbler, 1996). This evidence
however has been neither confirmed nor enlargeah fspinal reflex to corticospinal

pathways.

Thus, the purpose of the present investigation twasearch for direct evidence of
neural contribution to PAP, and its transferability subsequent performance
enhancements. Muscular PAP was recorded througlarmagimal twitch contractile

characteristics, whereas neural factors were repted by evoked potentials through
the spinal reflex and corticospinal pathways, ngmel-reflexes and MEPs. Force
output and neural drive of ballistic performancesravalso monitored during PAP, and
interpreted in regard to muscular and neural resg@nMoreover, the sample was
composed of power-trained and endurance-trainddta#fy to check for discriminating

factors coming from the training background in exohg neural contribution to PAP

(Gallich & Schmidtbleicher, 1996).

PAP will be evoked in plantar flexor muscles. Thisiscle group has been chosen
mainly for three reasons. Firstly, comparisons of dbndings with previous studies
(Gillich & Schmidtbleicher, 1996; Hodgson et al008) involving the same muscles
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can be made. Secondly, measurements of corticdsgdaspinal reflex excitability on
soleus and gastrocnemius muscles are relatively ave performed and detected,
compared to other muscles. Lastly, being the dgtiof the aforementioned muscle
group intensively modulated during daily (e.g. wadl and ballistic activities from
CNS components (Moritani et al., 1990; Dietz, 20@3)dying the implications of the
nervous system in PAP would reflect a functionappse.

A 8-second MVIC was chosen as CC to avoid developroefatigue (Vandervoort et
al., 1983) and to allow inducing the maximal PAPplantarflexor muscles (Sasaki et
al., 2012; Fukutani et al., 2014).

We hypothesized that enhanced ballistic performarftee CC would be a result of both
enhanced muscular contractile characteristics audah pathways excitability, and that
power-trained would exhibit higher performance pttgion than endurance-trained
athletes due to both amplified mechanisms.
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5 METHODS

5.1 Participants

Two groups of 8 participants were tested. The firsup was composed of endurance-
trained athletes (henceforth END, 7 males and Jlafermean + SD: 27.0 + 2.4 years
old, 75.7 £ 10.3 kg weight, 1.78 £ 0.06 m heigtpur participants practiced long-
distance running, 1 cross-country skiing, 1 orientey, 1 long-distance cycling, and 1
long-distance rowing. The second group was compage8 power-trained athletes
(henceforth POW, 7 males and 1 female, mean + 83 2 3.2 years old, 80.3 £ 12.3
kg weight, 1.81 + 0.09 m height), consisting ofalleyball players, 2 weightlifters, and
2 explosive-trained subjects, whereas lower bodylosive exercises represented a
sizable part of their training. This classificatiallowed discriminating between
performances requiring plantar flexions in a repeéandurance and powerful manner,
respectively for END and POW. Participants wereraef trained as performing regular
training in their respective discipline 8 sessions per week) far2 years, according to
previous studies (Hodgson et al., 2008; Tillinlet2010). Seven subjects belonging to
END trained for competitions at national and in&ional level, while the 4 volleyball
players belonging to POW trained for competitiohghe national level. None of the
participants presented any injury within 12 morghsr to measurements, and had any
history of neuromuscular disease. All subjects welanteers, fully informed about the
procedures and risks involved in the study, ang fmvided their written informed
consent (Appendix 1) prior to measurements. In tamdi they were screened for
contraindications to TMS (Rossi et al., 2009, Aptirr?). Participants were instructed
to refrain from any heavy leg exercise 24h befeting. The methods were approved
by the local Ethics Committee and performed in ataonce with the Helsinki

Declaration.

5.2 Experimental procedure

Participants visited the laboratory in two sessi®eparated by at least 48 hours. In

both sessions, PAP in plantarflexors was inducedutih a 8-sec MVC (conditioning
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contraction, CC). This duration was chosen accgrd previous evidence reporting
that MVCs between 5 and 10 seconds yielded maxirR&R, as the best trade-off
between resulting potentiation and fatigue (Vandervet al., 1983; Rassier, 2000). A

schematic view of the protocol for both sessior@ctured in figure 27.

In the first visit, the effect of PAP on single samaximal twitches (conditioned
twitches, CTw), H-reflexes (conditioned H-reflex€4;1) and corticospinal excitability
(conditioned MEPs, CM) recorded from LG was measupdter determination of the
respective stimulation intensities, participantsfgened 5 times the PAP protocol.
Each protocol was composed of control measuremen&sCC (8-sec MVC), and post-
CC measurements of either CTw, CH, or CM temporefilps across a 10-min time
frame (fig. 27A). CTw were recorded in 1 trial, whas CH and CM were measured in
2 trials each. The order of the trials was randechiZzZzach CC was separated by 20
minutes, determined in pilot measurements as thienam time lapse allowing full
recovery of both mechanical and neural values. Tias also in accordance with
previous studies, which showed that twitch conil@ctharacteristics and evoked
potentials might be altered up to 15-20 minutesratC (Gandevia et al., 1999; Baudry
& Duchateau, 2004). In control conditions, 3 stimukre elicited for supramaximal
twitches, whereas H-reflexes and MEPs were evokdéidh&s. Inter-stimulus interval
was 10 seconds. Before each trail involving CH eHexes were checked to be on the
ascending limb of the curve. This was done ensuhaga 1-mA increase in stimulating
current intensity led to higher H-reflex response&G. During all CCs, strong verbal
encouragement was given to the participants. Foditoned values, CTw were evoked
5 seconds after CC, and every minute between Ylaad the 18 minute post-CC. For
CH and CM, the same time-sequence was used. Howeaeh time point between the
1% and the 18 minute was represented by two stimuli, evokedd®sds before, and 5
seconds after the minute, respectively (i.e. istanulus interval of 10 seconds). This
approach allowed increasing the number of colleat®dked potentials from LG,
without compromising timing requirements. Durind atimulation procedures (i.e.
determination of H-reflexes, supra-maximal twitclaesl TMS stimulation intensities,
and the 5 PAP trials), participants were preseatedttentive task. The latter consisted
of landscape pictures (without human action) diggdaon a tv screen, in front of the
subjects. Images and videos without human agents baen commonly used as a

method to keep level of attention high, minimizieganges in both spinal and
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corticospinal excitability from extraneous factotBat might arise (Zehr, 2002;
Bassolino et al., 2014). Participants were obsedigthg the recording time to ensure
compliance to the attentive task. In addition, gséfd light and quiet surroundings were

maintained.

In the second session, the effect of PAP on bialligbluntary contractions was
explored. The latter actions consisted in rapidmiswic plantarflexions, whereas
participants were instructed to exert force as &ast as hard as possible on the clue of
one of the investigators. At the beginning of tkesson, a number of trials between 3
and 5, depending on the familiarity of the subjerith the ballistic task, was allowed
for accustoming to the contractions. Each famiiag trial was separated by 3 minutes,
determined in pilot measurements as the optimure tapse allowing mechanical and
neural values to fully recover. The control coraiticonsisted of 1 ballistic voluntary
contraction, recorded 3 minutes after the last lianation trial. Thereafter, each trial
consisted of one CC and one post-CC ballistic eatitn. The latter was executed
either 5 seconds, 1 minute, 2 minutes post-CCt arkatrarily considered optimal time
points determined from individual CTw, CH, and Ckmporal profiles (see “Data
Analysis”). Ballistic performance was assessed @i@esingle time point for each trial,
to avoid the confounding effect that repeated nmusattivity could have on the
influence from CC. This approach has been prewouséd in PAP studies (Folland et
al., 2008). Trials were randomized. As for thetfgession, each CC was separated by
20 minutes, and the same attentive task was pessémthe participants, to standardize
the recording conditions. Trials were repeated atirdtermovement in the ballistic
performances was noticed, either visually, or fritr@ obtained force-time curve, as a
clear depression in force before its rising phdsee number of trials in the second

session ranged between 4 and 7.
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A
Control measurements Post-CC measurements
10s
Twitches (x 1) | | 8-sCC | | |
5s 1 min 10 min
H-reflexes (x 2)
MEPs (X 2) 10s
10s 10s
|_ | | | o | |_ |—|
B 5s 1 min 10 min
Control measurement Post-CC measurement
Ballistic 8-s CC

Contraction | | | | |

ot

5s 1min 2 min Arbitrarily defined

FIGURE 27. Schematic view of the protocol for timstf(A) and second (B) sessions. 8-s CC
corresponds to the 8-second conditioning contract’) The effect of PAP on supramaximal
twitches (CTw), H-reflexes (CH) and MEPs (CM) wasasured. CTw were recorded in 1 trial.
CH and CM were measured in 2 trials each. For CéH @M, each time point between thg 1
and the 18 minute was represented by two stimuli, evoked éosds before, and 5 seconds
after the minute, respectively. Inter-stimulus imté between consecutive stimuli was 10
seconds. B) The effect of PAP on ballistic conicard was measured. Control ballistic
performance was recorded at the beginning of thengksession. Note that, each trial consisted
of one CC and one post-CC ballistic contractioreceted either 5-seconds, 1 and 2 minutes
post-CC , or at arbitrarily considered optimal tipwints determined from CTw, CH, and CM
temporal profiles (seeData Analysi¥. Each CC within each session was separated by 20

minutes rest.

5.3 Measurements of neuromuscular function

Force recording Isometric force produced by the plantarflexorsirty voluntary and
electrically-evoked contractions was measured finoua custom-made ankle
dynamometer (Neuromuscular Research Centre, Uitives Jyvaskyla, Jyvaskyla,

Finland), consisting in a vertically mounted foati@, and an adjustable car seat, at the
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opposite ends. The subjects seated with the hipe,kand ankle joints respectively at
110°, full extension, and 90°. This reciprocal kia@éle joint position was chosen to
favour the neural recruitment (Cresswell et al.939Kennedy et al., 2001) and
anatomical features (Kawakami et al., 1998) of tthe-joint gastrocnemii muscles in
isometric plantarflexions. Being the latter muscle®ferentially activated during
explosive-type actions (Moritani et al., 1990), dm/ing more type Il muscle fibres
than the soleus (Harridge et al., 1995), this petvas fundamental for the fulfilment of
the study purpose. The foot of the dominant lowablwas placed on the dynamometer
footplate, which was determined by asking to thdi@pants which lower extremity
was preferred to use for leap take-off. This domayatest was chosen among others for
better complying with the tasks being measured. [ifieebetween the lateral malleolus
and the head of the fibula, and the ankle centrerotdition were, respectively,
orthogonally oriented and aligned with the axigathtion of the dynamometer pedal.
The seat was slid forward as far as to stabilizehiipp and minimize any lift of the heel
off the footplate during the isometric contractio®raps across the instep, over the
knee, and seat belts were used to further preveowement during isometric
plantarflexions. Force signals from the footpedatevsampled at 5000 Hz using a 16-
bit A/D converter (CED 1401, Cambridge Electronizssign, Cambridge, UK), and
recorded on a personal computer using Spike2 sadtWersion 6.10, Cambridge

Electronics Design).

Electromyography Surface EMG was recorded from lateral gastrocoenfiG) and
soleus (SOL) using self-adhesive electrodes (Beres&r N, Ag/AgCl, 0.28 cf Ambu
A/S, Ballerup, Denmark) arranged in a monopolahifas. Monopolar was preferred to
bipolar configuration as it allows recording evokpadtentials of higher-quality and
larger amplitude (Kamen & Gabriel, 2010, 66). D&bte MEPs could be therefore
evoked with a greater ease, decreasing subjeatsteng motor threshold. The active
electrodes were placed for LG over the muscle palhd for SOL at 2/3 of the line
between the medial condylis of the femur and theliademalleolus. The reference
electrodes were placed on the anterior surface hef tibia for both muscles.
Furthermore, bipolar electrodes (Blue Sensor N,A&@1, 0.28 cri, Ambu A/S,
Ballerup, Denmark) were placed on the TA over thescre belly, set 2 cm apart, and
oriented according to the muscle fibres directiBngeneral ground electrode (Blue
Sensor N, Ag/AgCl, 0.28 cin Ambu A/S, Ballerup, Denmark) was placed over the
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head of the fibula. For all the aforementioned nessccorrect electrodes placement was
checked by means of the clinical tests suggestethdyurface electromyography for
non invasive assessment of muscles (SENIAM) recamdisdégons (Hermens et al.,
2000). The skin underlying the electrodes was pezbay shaving, light abrasion and
cleaning with alcohol to decrease recording rescg#a For bipolar arrangement,
interelectrode resistance resulted less tha25 Hor monopolar settings on LG and
SOL, the resting noise level was monitored to devieé&0 uV. This ceiling value was
chosen according to the criterium for determining tMT in TMS. In our experiment,
rMT was defined as the lowest stimulation intensityereas a MEP of at least 50 pV
peak-to-peak amplitude (P-P) was elicited in asti@of 5 consecutive trials (Rossini et
al., 1994). Therefore, a 50-uV noise ceiling wass ithinimal requirement for allowing
to distinguish real MEPs from noise contaminatidine raw EMG signals were
amplified and high-pass filtered (x100 for monopoland x 1000 for bipolar
configuration, 10 Hz cut-off frequency) by a predifrgr (NL824, Digitimer Ltd.,
Welwyn Garden City, Hertfordshire, UK), subsequegribnd-pass filtered (10-1000
Hz) by a custom-made differential hardware ampliffNeuromuscular Research
Centre, University of Jyvaskyla, Jyvaskyla, Finlan@he signals were sampled and
recorded at 5000 Hz using the same A/D convertdrcamputer software that enabled

synchronization with the force recordings.

Peripheral nerve stimulatioriTo evoke H-reflexes and M-wave responses in li@ls
square electrical stimuli (1-ms pulse width, 40@%8re delivered to the posterior tibial
nerve, by means of a constant current stimulat@7¢H, Digitimer Ltd., Welwyn
Garden City, Hertfordshire, UK). The anode (5.08 xi0.16 cm oval electrode, V
Trode, Mettler Electronics Corp., Anaheim, USA) aradhode (0.77 cfreircular area,
Unilect 4535M, Unomedical Ltd., Stonehouse, UK) avptaced just above the patella
and over the popliteal fossa, respectively. Theinugdt position of the stimulating
electrode was located by means of a custom-made-iineld cathode (about 1 cm in
diameter) as the stimulation site providing the atgst amplitude of the evoked
responses in LG with the minimal current intenstaution was taken to apply constant
pressure over the popliteal fossa while moving thad-held electrode during these
preliminary recordings, as a higher pressure migivte brought closer the peripheral
nerve to the stimulating locus, thus increasing réerded response. Thereafter, the

cathode was firmly fixed with tape to the optimaksThe H-reflexes and M-waves
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curves of LG were then detected. The current wa®ased by 1-mA increments from 0
until a plateau in the M-wave was obtained, indigathe attainment of its maximal
value (Mmax). One stimulus was delivered at eatdniity, with a 10-s inter-stimulus
interval. The latter time lapse was chosen as tadapost-activation depression within
the la afferent pathway (Crone & Nielsen, 1989)attiwould alter H-reflexes
measurements. During these recordings, participavgse placed on the ankle
dynamometer, assuring the same posture as in gegimental procedures, to minimize
extraneous factors that can alter presynaptic b (PSI) and, parallely, H-reflex
amplitude (Zehr, 2002). If movement of the pari@gifs was noticed, due to the
potential extensive modulation of H-reflexes thatild result (Zehr, 2002), the stimulus
was repeated. For supramaximal muscle twitch sttmn, to select a current intensity
that assured complete activation of the plantaoilexboth a plateau in the compound
muscle action potential (Mmax) and in the evokemmstric twitch torque was sought.
Thereby, stimulation intensity was further increhdy 50% (absolute current values
reported in table 1). For H-reflex measurements,cilirrent eliciting an H-reflex on the
ascending limb of its curve, and with the magnituafe the preceding M-wave
(Msubmax) included between 5-25% of M max, was ctete Albeit it has been
suggested that a range of 15-25% can be bettettigert® conditioning (Zehr, 2002),
the latter band was attainable only in 4 out ofphticipants. Absolute and relative
stimulation intensities for H-reflex measuremerds lfoth groups are reported in table
2.

TABLE 2. Absolute and relative current intensitider H-reflex measurements and

supramaximal twitches. Data are presented as maagd(in brackets).

Measurements
Groups Current intensity H-reflexes Supramaximatdives
END Absolute (mA) 9.25 (6 - 14) 27 (21 - 38)
Msubmax (% Mmax) 16.2 (5 —24)
POW Absolute (MmA) 7.71 (3-11) 29.57 (9 - 45)
Msubmax (% Mmax) 10.8 (6 — 14)

END, Endurance-trained Group; POW, Power-trainedu@r Mmax, Maximal M-wave

Amplitude; Msubmax, Amplitude of the M-wave preagglthe H-wave.
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Transcranial magnetic stimulationflMS was performed on the contralateral motor
cortex respective to the leg being tested, to peetally elicit MEPs in the LG, using 2
connecting monophasic Magstim 2@8agnetic stimulators (BiStii Whitland, UK).
Single pulses were delivered through a 9-cm dobbteving coil (Magstim, Whitland,
UK). The coil was oriented so that current was\@#id posterior-to-anterior directed
to the motor cortex. Participants were asked tor\aeahite tightly-fitted swimming cap
(plain moulded silicone cap, Spe&ddJK), whereas optimal position of the coil was
marked by means of non-permanent markers. Thiseduwre facilitated re-positioning
of the colil within the testing session, especialfter MVCs were performed, since only
5 s were available from the end of the MVC to theei of the first post-MVC stimulus
(see “Experimental procedure”). Initially, the \ettof the scalp was located on the
swimming cap. Probing of the optimum coil locatlmegan with the coil placed over the
hemisphere of interest 1 cm lateral and 1 cm piostdo the vertex, previously
described as a favourable location for plantarftexactivation (Kumpulainen et al.,
2014). Each participant was initially familiarizedith 10 stimuli (30% maximal
stimulator output). Thereafter, the optimum codge@ment was determined moving the
coil in 1 cm steps (marked on the swimming capbath lateral-medial and anterior-
posterior directions, until the stimulating spotciihg the largest MEP in LG with a
constant stimulation intensity was found. The svi@s then marked over the cap. A
custom-made coil holder and a neck support werd tmekeeping the relative coil-
head position constant, which was also continuouslyally checked from one of the
investigators throughout the stimulation procedutasaddition, the control from the
latter researcher was fundamental for promptly séming the coil, if moved, over the
optimal spot when MVCs terminated and before subseq stimulation began 5
seconds thereafter (see “Experimental proceduRE$ting motor threshold (rMT) was
determined as the minimum stimulation intensity kglas a MEP of at least 50 pV P-P
was elicited in not less than 3 of 5 consecutivegr(Rossini et al., 1994) in LG, and
visually clearly detectable from the computer ifdgee. Stimuli were delivered with a
10-s inter-stimulus interval during all stimulatioprocedures. Stimulus intensity
throughout the experiment was set at 120% of rMXpréssed as percentage of
maximal stimulator output, it resulted in 67.88n@a 48 — 99) and 71.14 (range 54 —
84), respectively in END and POW.
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5.4 Data Analysis

Evoked potentialsDuring all recordings, M-waves, H-waves and MEPB Rom LG
were determined and displayed on-line by means ofisiom Spike software script
(Cambridge Electronics Design, Cambridge, UK). ‘éaluvere then exported and
analyzed off-line using Microsoft Office Excel se#ire (version 2007, Microsoft Corp.,
Redmond, Washington, USA). To obtain conditionetues of the afore-mentioned
evoked potentials of LG, firstly, H-waves and MER® were normalized, respectively
to the Msubmax, and to the Mmax elicited at these#d time point, to obtain
H/Msubmax (CH) and MEP/Mmax (CM). After that, forsMbmax, H/Msubmax and
MEP/Mmax, stimuli representing the same time poivithin trials (i.e. control
condition, and each minute between thH¢ d@nd the 18 minute post-CC), were
averaged. Values were then expressed relative mdratoparameters. Finally, the
resulting relative changes were averaged at a sameepoint between the 2 trials. As
Mmax was recorded from LG in only 1 trial duringethirst session, no average was
needed, and values were directly expressed rel@tigentrol parameters.

Force and other EMG measurekhey were determined off-line using Igor Pro waite
(version 6.36, WaveMetrics, Portland, OR, USA).oPfio analysis, a finite impulse
response filter with a low-pass cutoff of 50 Hzdasb5 coefficients was applied to
force data, whereas EMG data were band-pass tltee¢ween 6 and 500 Hz using a
fourth-order zero-lag Butterworth filter, and fullyave rectified.

The maximum voluntary force (MVF) during each CCsveetermined. To have group-
representative (i.e. END and POW) MVF of CC perfantes of each session, MVFs
across different trials within a session were agedafirst for each participant, and then

as group values.

For electrically evoked supramaximal twitches, ptake (PF), contraction time (CT),
and half-relaxation time (HRT) were measured. Thakprate of force development
(pPRFD) was obtained as the maximal value of thet @erivative (1 ms time resolution)
of the mechanogram. Control condition for each patar was represented as the
average across the 3 control twitches. In additibe, twitch PF relative to MVF

(PF/MVF) was computed first individually, as theiosabetween control twitch PF and
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the mean of the MVF of each CC within th® dession, and then averaged as group-

representative values.

The resulting temporal profiles of CTw, CH, and GMtained from the 1 session
allowed choosing individually the timing of perfoamce of post-CC ballistic
contractions, respectively, as the time points waserthe highest potentiation of
supramaximal twitches peak force, H/Msubmax and N¥ERax was individually
reported. Peak rate of force development was rataas a measure of performance
from ballistic contractions (pBRFD), measured ae thaximal value of the first
derivative of the force with respect to time (1 tmee resolution). Neural drive in
ballistic contractions was estimated from the L@tigh the root mean square of the
EMG (RMS EMG), analyzed from its onset to the time which the peak force
occurred. Values were normalized for each individoahe average of the RMSs from
LG of 500 ms epochs around MVF (250 ms either sadl€)Cs in the 2nd session.

All above-mentioned off-line analyses (except fo¥IV) were conducted by means of
two custom Igor Pro software scripts (WaveMetriértland, OR, USA). An
interactive graphic method (Walter, 1984) was uedietermination of signal onsets
for both force and EMG data. This approach allowedefitting of the quickness of a
computer-based method without compromising the drigiccuracy of manual-based
gold-standard detections (Hodges and Bui, 1996linTiét al., 2013), therefore
combining the best attributes of both (Kamen & G&pf010, 114). A graphical user
interface allowed defining the time interval ofargst from the force and EMG traces
(fig. 28 A and 29 A). The baseline signal was dateed across the 200 ms window
preceding the selection. One script was used faerchénation of contractile
characteristics of supramaximal twitches (i.e. €F, HRT and pRFD). The force trace
was enlarged in the selected interval, and foreebwas determined as 5 SDs of signal
from baseline (fig. 28 B). By means of the secomdps ballistic performance
indicators (i.e. pPBRFD and RMS EMG) were calculatElde fully-rectified EMG trace
was enlarged in the selected time interval. EMGebngas determined as 3 SDs of
signal from baseline (fig. 29 B). Once force and@&Maveforms were represented with
their respective automatically-determined onsetn{soi a visually-based analysis
allowed to accurately identify signal onset. Thisgedure was fundamental as multiple

automatically-based onset points resulted, espgaidden a fluctuating signal such as
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EMG was analyzed (fig 29). Once the onsets were ualhn established, twitch
contractile characteristics and ballistic perforcenindicators were automatically

calculated.

Group-representative values in control conditiord aat each time point for each
parameter were calculated as the average of ingalgd absolute values within each
group, and session. To represent the effect of @Cthe recorded parameters, data are
expressed as relative to control values. For the sd clarity, group-representative

absolute values for each measure at each time g@neported in Appendix 3.
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FIGURE 28. Determination of contractile charactérss of supramaximal twitches. A) The
twitch force trace was first visualized, and thapdic user interface allowed to select the time
interval of interest. B) Enlarged view of a selectane interval around the twitch. The upper
trace represents the force, while the lower tradicates the signal onset (5 SDs of the signal
from the baseline). If the automatically determirmtset of force was deemed correct after
visual inspection, twitch PF, CT, HRT and pRFD cbulle calculated. If not, either the
procedure could be repeated or the onset coulddmuafly selected through visual inspection
of the signal.
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FIGURE 29. Determination of ballistic performanaéicators. A) The fully-rectified EMG was

first synchronized and represented below the fdreee, in the image representing CC
immediately followed from a ballistic contractiofihe graphic user interface allowed to select
the time interval of interest. B) Enlarged viewafelected time interval around the ballistic
contraction. The lower trace represents the fudlgtified EMG, whereas the upper trace
indicates the EMG signal onset (3 SDs of the sidgrah the baseline). Note that, being the
EMG a fluctuating signal, multiple close onsets eveautomatically determined. Visual

inspection was therefore necessary in all casegnvitire signal was further zoomed (C), signal
onset was clearly distinguishable (red oval), amémselected, pPBRFD and RMS EMG were

automatically calculated.

5.5 Statistical Analysis

Data are presented as group mean values + SDtaiktical analyses were conducted
using SPSS software (IBM SPSS Statistics, versiprrie., Chicago, IL, USA). Due to
the non-normal distribution of some parameterefdata set, non-parametric statistics
was used when necessary. To assess between-grideierdies in baseline values,
group-representative MVF of CCs for each sessionirol twitch (i.e. PF, pRFD, CT,
HRT, PF/MVF) and control ballistic (i.e. pBRFD, RM&MG) contraction
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characteristics were compared using Mann-Whitnetgdtl- For each group, to assess
the possibility of fatigue development within eadssion, a dependent t-test was used
to compare MVF of the first and last CC. To cheok ¢onsistency of CCs, within-
session reliability of the respective MVFs was gsedl for each group using intraclass
correlation coefficient (IC¢;) (Rankin & Stokes, 1998) and coefficient of vaoat
(CV) (O'Leary et al.,, 2015). The ICC 95% confidencdgervals (Cl) were also
calculated. An ICG 0.8 was considered as good reliability (O’Learplet 2015). The
CV was calculated as: SD/ mean x 100 for eachgyaaint, and then averaged (O’Leary
et al., 2015). To better represent measuremerdbsulute reliability for all individuals,
SD of CV was also reported in addition to group méatkinson & Nevill, 1998).
Within-session reliability was also analysed folibc contractions, whereas pBRFD
and RMS EMG of the last familiarization and thestficontrol trials were compared,
using the same indexes reported above. To invéstiga within- and between-group
differences in PAP phenomenon, relative changes@Gsfrom control values were
considered. Within-group differences for each pat@mbetween control and post-CC
values were assessed by using Wilcoxon signediemtkBetween-group differences at
each post-CC time point were analyzed by meansasfiviVhitney U test. The level of
statistical significance was set at P < 0.05 fbaahlyses.
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6 RESULTS

Baseline and potentiated absolute values, and MM©up-representative MVFs were
1420 + 461 and 1458 + 480 N for END, 1554 + 390 24662 + 228 N for POW, in the
1% and 29 session respectively. No significant differencesiépendent t-test) were
reported between groups for both sessions. Comvidth and ballistic contraction
characteristics, as well as evoked potentials aesemted in table 3. END reported
greater twitch PF (216.19 + 34.10 N vs. 167.11 #02IN, P < 0.01) and PF/MVF
(0.162 + 0.036 vs. 0.112 £+ 0.024, P < 0.01) thamP@witch pRFD, CT, HRT, as well
as Mmax, MEP/Mmax and ballistic performance indicatwere similar among groups.
Msubmax, H-wave and H/Msubmax could not be compéetd/ieen groups owing to
the different relative stimulation intensities thare used in terms of Msubmax relative

to Mmax (see table 2).

Consistency of CCs and assessment of developmiatigoe Within-session ICCs and
CVs of MVFs are reported in table 4. All valueswsied good reliability in both groups
and sessions (ICE€ 0.903, CV< 0.084), indicating high consistency of CCs. Group-
mean MVFs attained for each session during thedimd last CCs are depicted in table
5. No statistical differences were reported forregup within sessions, indicating no
development of fatigue.

Reliability of ballistic performance indicatardCCs and CVs of pBRFD and RMS
EMG are presented in table 6. Good reliability wegsorted for pBRFD for both groups
(ICC > 0.864, CV< 0.086). Albeit ICCs of RMS EMG demonstrated goetiability

(ICC > 0.829), 95% CI, magnitude and distribution of CWwslicate substantial

variability in both groups.
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TABLE 3. Baseline twitch contractile characteristidallistic performance indicators, and
evoked potentials P-P recorded from LG. Data ar@meSD.

Groups
Variables END POW
Twitch
PF (N) 216.19 + 34.1¢&" 167.11 + 21.07
pRFD (N/ms) 3.66 +0.36 3.28 £ 0.62
CT (ms) 123.14 +11.95 109.83 + 23.22
HRT (ms) 114.84 + 29.85 115.92 + 28.86
PF/MVF 0.162 + 0.036 0.112 +0.024
Ballistic contraction
pBRFD (N/ms) 7.90 £2.99 8.66 +2.23
RMS EMG 1.23+0.5 1.09 £0.55
Evoked potentials
Mmax (mV) 14.12 + 6.88 13.99 +4.00
Msubmax (mV) 229+191 1.56 £ 0.77
H-wave (mV) 3.48 +2.43 2.75+2.49
H/M submax 1.79+£0.53 2.40 +2.36
MEP (mV) 0.48£0.34 0.42+0.24
MEP/Mmax 0.04 £0.02 0.03 £0.02

P-P, peak-to-peak amplitude; END, Endurance-tratBemlip; POW, Power-trained Group; PF,

Peak Force; pRFD, Peak Rate of Force Developmenf; Gontraction Time; HRT, Half-

Relaxation Time; PF/MVF, Ratio between Twitch Pé&atce and Maximal Voluntary Force;
pBRFD, Peak Rate of Force Development of the BallSontraction; RMS EMG, Normalized

Root Mean Square of EMG from its Onset to the Peafce of the Ballistic Contraction;

Mmax, Maximal M-wave; Msubmax, M-wave preceding tHevave; MEP, Motor Evoked

Potential ** Significant difference between groups ( P < 0.01)
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TABLE 4. Within-session reliability of MVF of CCEV is reported as meanSD.

Reliability Indices

Groups Sessions IGZ(95% CI) CV (%)

END 1 0.947 (0.866-0.987) 8.4+4.0
2"° 0.929 (0.793-0.984) 7.9+48

POW T 0.903 (0.754-0.980) 6.9+5.3
2" 0.928 (0.789-0.983) 49+27

MVF, Maximal Voluntary Force; CC, Conditioning Coattion; CV, Coefficient of Variation;
ICC, 1, Intraclass Correlation Coefficient, Equation 1@}, Confidence Intervals; END,
Endurance-trained Group; POW, Power-trained Group.

TABLE 5. Group-mean MVF for the first and last Ci@sach session. Data are mean + SD

Groups
Sessions CcC END POW
1° 1 1384 + 460 N 1556 + 475 N
Last 1424 + 505 N 1576 + 343 N
2" 1" 1466 + 344 N 1659 + 276 N
Last 1484 + 569 N 1572 + 333 N

MVF, Maximal Voluntary Force; CC, Conditioning Coattion; END, Endurance-trained

Group; POW, Power-trained Group. No significanfediénces were reported for each group
within sessions.
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TABLE 6. Within-session reliability of ballistic prmance indicators. CV is reported as mean
+ SD.

Reliability Indices

Variables Groups ICC1(95% CI) CV (%)

pBRFD END 0.943 (0.766-0.988) 8674
POW 0.864 (0.503-0.970) 7.2+6.7

RMS EMG END 0.844 (0.397-0.971) 13.0+124
POW 0.829 (0.353-0.968) 13.6 £14.5

CV, Coefficient of Variation; IC¢; , Intraclass Correlation Coefficient, Equation ;1(lI,
Confidence Intervals; pBRFD, Peak Rate of Forcedimment of the Ballistic Contraction;
RMS EMG, Normalized Root Mean Square of EMG from@nset to the Peak Force of the
Ballistic Contraction; END, Endurance-trained GrpB@W, Power-trained Group.

Post-CC twitch temporal profild?ost-CC contractile characteristics (i.e. PF, PRET,
HRT) are reported in fig. 30. Right after CC, PFswmebtentiated by 1.08 + 0.13, and
1.30 + 0.11 from control values, for END and POWspectively (P < 0.05). While PF
returned to control value in 1 min after CC for ENDDO3 + 0.07, P > 0.05), enhanced
PF persisted up to the™5minute post-CC in POW (1.06 £ 0.05, P < 0.05). A
significantly greater increase of PF was observe@®®W compared with END, at 5
seconds (P < 0.01), 1 and 2 minutes (P < 0.05) @fte Twitch pRFD was significantly
elevated up to the"™sminute in both groups (P < 0.05). The potentiatdpRFD was
markedly higher in POW compared to END at 5 secpug-CC (P < 0.05). Twitch
CT was shortened in both groups immediately aft€r(Q.86 + 0.11 and 0.76 £ 0.11,
respectively for END and POW, P < 0.05), unalteiegtead for the remaining
recording span, similarly among groups. Twitch H®RJs significantly lengthened (P<
0.05) for END at 1 minute post-CC compared to aingalues (1.08 + 0.08), and to
POW. In contrast, no changes were reported for RR¥@dUghout the 10-min period.



72

L5, PF (relative to baseline) 13 CT (relative to baseline)
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-

o
4 6 8 2
Time (min) Time (min)

FIGURE 30. Effect of a 8-s CC on twitch peak fo(B¢; A), peak rate of force development
(pRFD; B), contraction time (CT; C), and half-redéion time (HRT; D), in endurance-trained
(END; dashed line and empty circles) and powen&di (POW; continuous line and filled
circles) athletes. All data are expressed relativebaseline as mean + SD. *Significant
difference within POW from pre-CC values (P < 0.08%ignificant difference within END
from pre-CC values (P < 0.05). Significant differerbetween groups (3P < 0.05; 8P < 0.01)

Post-CC evoked potentials time cour3ée temporal profiles of Mmax, MEP and
MEP/Mmax are depicted in fig. 31, whereas those Mgubmax, H-wave and

H/Msubmax are presented in fig. 32. No significeiminges were reported in Mmax as
well as in Msubmax for both END and POW. No diffezes were reported in both
measurements between groups, although the dissiofilnges in Msubmax closely
approached significance immediately after CC (P.65B). No significant differences

were found in the conditioned H-wave when compdreth to baseline and between
groups. H/Msubmax (CH) was similar (P > 0.05) tlgloout the 10-min post-CC both
within- and between-groups. MEP, as well as MEP/Mn{&€M) were markedly

increased (P < 0.05) at 5 seconds post-CC for Bbi (2.30 + 1.12 and 2.27 £ 1.11)
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and POW (1.95 + 0.90 and 1.93 £ 0.89), withoutistiatl group differences throughout
the recording span.

3.40 MEP (relative to baseline)

Mmax (relative to baseline)

0.60
0.9 0.20
0 4 6 8 10 0 2 4 6 8 10
Time (min) Time (min)
C
+
325 MEP/M max (relative to baseline)
2.8
2.35

Time (min)

FIGURE 31. Effect of a 8-s CC on the amplitude aiximal M-wave (Mmax; A), motor
evoked potential (MEP; B), and motor evoked pot#¢miormalized by the maximal M-wave
(MEP/Mmax), in endurance-trained (END; dashed Bmel empty circles) and power-trained
(POW; continuous line and filled circles) athleté.data are expressed relative to baseline as
mean + SD. *Significant difference within POW frgomne-CC values (P < 0.05). tSignificant
difference within END from pre-CC values (P < 0.08)o significant differences between

groups were reported.
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Msubmax (relative to baseline) ..o.- END . H-wave (relative to baseline)

——EXP 1.6

Time (min) . Time (min)

4
Time (min)

FIGURE 32. Effect of a 8-s CC on the amplitude b¢ tM-wave preceding the H-wave
(Msubmax; A), H-wave (B), and H-wave normalized Msubmax (H/Msubmax; C), in
endurance-trained (END; dashed line and emptyesjchnd power-trained (POW:; continuous
line and filled circles) athletes. All data are mgsed relative to baseline as mean + SD. No

significant differences from baseline or betweerugs were reported.

Effect of CC on ballistic performancBallistic contractions were executed at 5 secpnds
1 minute, 2 minutes, and when CTw peak force, Gtd, @M were individually most
potentiated, after CC. Based on values obtainem filee ' session, CTw peak force
attained the greatest enhancement immediately@Gs{5 seconds) in all participants.
Similarly, CM was consistently most potentiated Satseconds post-CC within the
sample, albeit 1 participant in each group repotted peak enhancement at delayed
time points, i.e. 2 and 6 minutes in END and PO®gpectively. In contrast to CTw and
CM, CH showed high inter-subject variability amopayticipants, as outlined from no
clear observable trends from fig. 32. CH peak eobarent was attained in the range 5
seconds - 9 minutes and 3-10 minutes for END and/P@spectively (table 7).
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TABLE 7. Range of time elapsed after the conditigntontraction whereas CTw, CM and CH
attained their peak values.

Measurements
Groups CTw CM CH
END 5s 5s-2m 5s-9m
EXP 5s 5s-6m 3m-10m

CTw, Conditioned Twitches; CM, Conditioned MEP/MmaH, Conditioned H/Msubmax;
END, Endurance-trained Group; POW, Power-trainegu@r Note that, all participants attained

the greatest twitch peak force potentiation 5 sdsa@fter the conditioning activity.

TABLE 8. Performance indicators of ballistic comtians performed at arbitrarily considered

optimal time points determined from CH and CM. ddita are expressed relative to baseline as
mean + SD.

Ballistic performance indicators

Measurements Groups pBRFD RMS EMG
CM END 0.954 £ 0.103 1.116 £ 0.161
EXP 1.187 £ 0.364 1.166 + 0.371
CH END 1.007 = 0.067 1.143 £ 0.357
EXP 1.011 £0.109 0.967 £0.177

CM, Conditioned MEP/Mmax; CH, Conditioned H/Msubm&WND, Endurance-trained Group;
POW, Power-trained Group; pBRFD, Peak Rate of Fdbewelopment of the Ballistic
Contraction; RMS EMG, Normalized Root Mean Squaré&llG from its Onset to the Peak

Force of the Ballistic Contraction. No significadlifferences from baseline or between groups
were reported.

Changes in pBRFD and RMS EMG of ballistic conti@esi during the first 2 minutes
of PAP time course are presented in fig. 33, wheBeaeconds post-CC represents also
the time point when CTw attained the greatest p@tton (see table 7). No significant
differences were reported in END for both pBRFD &S EMG. Within POW, no
statistical potentiation was found for pBRFD (aligb the p-value closely approached
significance 1 minute post-CC, P = 0.069), wheiedMS EMG showed a significant

depression at 2 minutes post-CC (P < 0.05). Betvgeenp differences were significant
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only for RMS EMG, as POW showed a significant depi@en compared to END at 1
minute after CC (P < 0.05). Notably, 5 secondsr &€, the potentiation of pBRFD of
POW in relation to END attained a p-value of 0.0@3sening thereafter (P 0.208).
When contractions were performed at arbitrarily ssdared optimal time points
determined from CH and CM, neither pBRFD nor RMS &Neported any difference
compared to baseline or between groups (table 8).

A
18 pBRFD (relative to baseline)
17
1.6
1.5
1.4
13
12
1.1

1
0.9
0.8

0 1
Time (min)

B
16 RMS EMG (relative to baseline)
1.5
1.4
1.3
12
1.1

1
0.9
0.8
0.7 i

0 1
Time (min)

FIGURE 33. Effect of a 8-s CC on ballistic performoa of the endurance-trained (END; dashed
line and empty circles) and power-trained (POW;ticmrous line and filled circles) group. A)
Peak rate of force development (pBRFD). B) Nornalizoot mean square of EMG from its
onset to the peak force of the ballistic contrac{iBMS EMG). All data are expressed relative
to baseline as mean + SD. *Significant differendgthin POW from pre-CC values (P < 0.05).
FSignificant difference between groups (P < 0.08).significant differences within END from

pre-CC values were found.
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7 DISCUSSION

The purpose of the current study was to examineglveheneural factors contribute to
PAP, and to potentiation of voluntary ballistic feemance. PAP was induced by a 8-
sec maximal voluntary isometric plantarflexion, atmé neuromuscular system was
assessed thoroughly, enlarging our understandiogn fmerely muscle level. To
additionally fulfil the scope of our research, vempared endurance- and power-trained
groups, the latter being speculated to benefitalfidtic performance from PAP due to
neural mechanisms (Gullich & Schmidtbleicher, 1998)nly non-significant
differences were found when comparing ballisticf@@nance potentiation within and
between groups, concurrent to a decrease in neéuval in such actions in POW. While
markedly higher enhancement was reported in supdamaa twitches peak force in
POW compared to END up to 2 minutes after CC, estghetentials were similarly
altered within the latter time period. In lighttbiese results, we below discuss that PAP
includes both enhanced muscle contractile charattsr and short-term facilitation
within the corticospinal pathway, the former bethg discriminating factor for POW
being more incline to exploit PAP in ballistic perhance than END.

7.1 Control measures and MVFs

In the current study, no significant differences nraximal voluntary strength and
pBRFD of ballistic contractions were found amongups. Conversely, previous
studies comparing plantar flexion maximal isomestiength reported higher values in
power- compared to endurance-trained athletes (Kyrén & Komi, 1994; Paasuke et
al., 1999). In our results mean values were conalde higher in POW in both MVF
and pBRFD, and the lack in statistical significace@ be mainly attributed to the high
standard deviation (i.e. heterogeneity) within gheups.

In addition, from our measurements END showed stedlly higher twitch PF than
POW. To our knowledge, this is the first investigatreporting this result. Indeed,
previous research, exclusively focusing on neurawias differences in plantarflexor

muscles contractile characteristics between theveabmentioned groups, showed a
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converse outcome, that is twitch PF being higherpower-trained rather than
endurance-trained athletes (Paasuke et al., 19a#julétti et al., 2001; Lattier et al.,
2003). Our result was unexpected, and deemed dowitaly two factors. Firstly, and
most importantly in our opinion, a discrepancy ledw the level of the athletes of the
two groups. More athletes within END trained fonmgzetitions, and at a higher level,
compared to POW. Unfortunately, for the latter grave were not able to find high-
level athletes whereas performance exclusivelyedetin explosive power output (i.e.
sprinters, long and high jumpers), as previous istudlid (Paasuke et al., 1999;
Maffiuletti et al., 2001; Lattier et al., 2003),ihging up a considerable limitation.
Secondly, we measured muscular responses usimgle supramaximal twitch. Single
stimulus was chosen to better quantify changesGnckupling across PAP timeline,
without being affected from saturation processedifg effects) of either G4 or actin-
myosin binding, which might arise using repetitstamuli (Baudry & Duchateau, 2004,
Baudry et al., 2005), and interfere with the guadtion of muscular PAP. On the
other hand, single muscle activation might be ledcative of muscular characteristics
than repetitive muscle activation (e.g. doubletpinty due to the slack in the series
elastic components of the muscle, and to the seafease of Ca within the myoplasm
(Parmiggiani & Stein, 1981; Duchateau & Hainaut3@9Baudry & Duchateau, 2004).
Indeed, we are aware of one research (Garrandgs 2007) that reported no statistical
differences between POW and END in any of the eatite parameters (i.e. PF, pRFD,
CT and HRT) when single supramaximal twitches wadrgted from knee extensors,
yet, PF being significantly higher in POW when dieth were evoked. In light of this,
we cannot rule out the slack in the series elasimponents and the scarce release of
Cd* as contributing to our results. It is noteworthy rhention that maximal Ga
release rate was shown to be substantially highezdistance- compared to endurance-
trained athletes (Li et al., 2002). This diversityas consistent with the higher
percentage of Type Il fibres in the former athletesving Type Il fibres a considerable
higher C&" release rate than Type | fibres (@rtenblad et20Q0, Li et al., 2002).
Bearing in mind the steeper twitch PF potentiatoPOW compared to END reported
in our study, suggesting higher Type Il fibre coriten the former group (Moore &
Stull, 1984; Hamada et al., 2000), the incompletease of Cd resulting from single
twitches should have hindered END twitch PF toghér extent than POW, contrary to
what we found. Consequently, it seems likely thally dhe discrepancy between the

level of the athletes of the two groups, and reledj@ao a minute extent the slack in the
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series elastic components, might play a role ingleup difference in twitch PF we
found.

When PF/MVF is considered, lower values for POW parad to END were reported.
This is in accordance with other studies regardiath plantar flexors (Paasuke et al.,
1999) and knee extensors (Hamada et al., 2000aulé&ét al., 2007). The PF/MVF
ratio was shown to be lower in fast compared tovsdlieletal muscles of mammals
(Close, 1967; Eken & Gundersen, 1987), and in hummascles with a greater

percentage of type Il fibres (Hamada et al., 200Bajthermore, a higher value of this
ratio has been successfully reported in concométamicloss of Type Il fibres and

slowing of the contractile properties in elderlyngmared to young adults (Baudry &
Duchateau, 2005). Power-trained athletes exhibimeakedly higher fast isomyosin

composition of LG and SOL compared to the endurdraieed counterpart (Harridge

et al., 1995), explaining why in our study and i&&Buke et al. (1999), the PF/MVF
relation was lower in POW compared to END.

Taken together, the greater mean of pBRFD, MVF, thredlower PF/MVF of POW
than END exhibited in our study, suggest that ttoeigs underwent respectively power-

and endurance-training background-related adaptatio

7.2 Twitch postactivation potentiation

According to previous research (Vandervoort et83; Baudry & Duchateau, 2004,
Hodgson et al., 2008), the current study showsnpiatigon of twitch kinetics after CC,
and its characteristic exponential decline of Pl @RFD over time (Baudry &
Duchateau, 2004). In addition, as reported frondistiregarding both plantar flexors
and knee extensors (Paasuke et al., 1998; Paasake 2007), power-trained athletes
exhibited markedly higher enhancements in twitch &% pRFD than endurance-

trained athletes.

The degree of twitch kinetics potentiation in bgtioups in the current investigation is
not directly comparable with other studies for nhatwo reasons. Firstly, to the authors
knowledge, only three studies examined dissimi&mitin the extent of twitch PAP

between groups with different chronic training bgrdund (Paasuke et al., 1998;
Hamada et al., 2000b; Paasuke et al., 2007). Hawéwese researches either did not
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include a specifically power-trained group (Hamadta al., 2000b), took into
consideration a different muscle group (i.e. kngeeresors, Paasuke et al., 2007), or
presented differences in the protocol (Paasukd.efl®38). Secondly, investigations
regarding PAP in plantar flexors have used eithifierént ankle and knee joint
configurations, number and duration of CCs, or timerval between the end of CC
and the first supramaximal stimulus (e.g. Vandertvebal., 1983; Paasuke et al., 1998;
Shima et al., 2005; Hodgson et al., 2008; Sasaii.e2011; Fukutani et al., 2014; Gago
et al., 2014; Xenofondos et al., 2014). Both thdemdar mechanisms of fatigue and
potentiation (albeit distinct in nature), and tlegke of their coexistence are dependent
on contractile history and muscle length (Rass2€Q0; Rassier & Maclintosh, 2000).
Hence, the extents of twitch PAP from previous &sids not directly comparable with

ours.

An emerging observation of researches comparinge nfl@iasuke et al., 1998) and
female (Paasuke et al., 2007) power-trained to xmde-trained athletes is the greater
degree of twitch PF and pRFD potentiation resuliimgassociation with the former
training background compared to the latter. Ouultssabide by this finding, with
twitch pRFD and PF enhancement being statistidatiher in POW compared to END
respectively at 5 seconds and up to 2 minutes @@stAlthough fibre type distribution
in our sample was not directly measured, differsninéaseline values between groups
(see “Control measures and MVFssuggest a higher content or selective hypertrophy
of type Il fibores in POW than END, in accordancethwchronic adaptations from
strength and power training (Alway et al., 1988ardHely, type Il fibres present a
higher and lower extent respectively of phosphdigtaand dephosphorylation of RLC
compared to type | fibres, ascribed to greater MLa#d lower myosin light chain
phosphatase activities (Moore & Stull, 1984). BeRIgC phosphorylation the primary
accepted mechanism responsible of PAP (Moore &l,S19184; Stull et al., 2011),
muscles with a higher percentage of type Il fibeashibit greater isometric twitch
potentiation, experimentally verified in muscles kadth small mammals and humans
(Vandervoort & McComas, 1983; Moore & Stull, 198Westwood et al., 1984;
Hamada et al.,, 2000a). Merging the afore-mentioradtors together, higher
potentiation of twitch PF and pRFD after CC in P@@&mpared to END, as in our

study, can be explained.
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In accordance with other reports, twitch CT wasidicantly reduced 5 seconds after
CC (Hamada et al., 1999), with no significant diéieces between POW and END
(Paasuke et al., 1998). The decrease in CT miglst filely be ascribed to the same

molecular mechanisms involved in PAP (Hamada e2@00a; Stull et al., 2011).

Twitch HRT was slowed 1 minute after CC only for BENooth related to control value
and to POW. The relaxation phase mainly involves tmechanisms, namely cross-
bridge detachment, and €ahandling for re-uptake into the SR (Jones et 2006;
Allen et al., 2008). Slowing of either processeadke to prolonged relaxation phase,
whose consequentiality upon muscular fatigue has lmemmonly observed (Bigland-
Ritchie &Woods, 1984, Fitts, 1994; Westerblad et 4097; Allen et al., 2008). The
well-accepted effect or RLC-P in PAP is an incréafaction of cross-bridges in the
force generating state (Sweeney & Stull, 1990; |Stulal., 2011), beneficial at sub-
optimal C&" activation for cross-bridge force generation. Here consequences of
PAP on the relaxation phase are still unclear (Stukl., 2011; Vandenboom et al.,
2013). Being PAP a coexistence of potentiating fatiguing mechanisms (Rassier &
Maclintosh, 2000), slowed relaxation time of conitacesponses would be expected to
result from fatigue, as (to the authors knowledge)investigations have reported a
reasoning for modified HRT in supramaximal twitchesm potentiating mechanisms
alone. Yet, in our study, it seems unlikely thatEMas selectively fatigued. This
assertion is supported from the following experitakrevidence. As type | fibres
exhibit lower fatigability than type Il fibres (Gdon et al., 1990), and as endurance
athletes are known to have higher percentage @f tyjre than the power counterpart
(Gollnick et al., 1972; Harridge et al., 1995), treg resistance to fatigue in END
compared to POW would be expected. This relatidwéen fibre type distribution and
fatigability has also been concluded in Hamadd.g2803), whereas the quadriceps of
participants with higher percentage of type | fdexhibited concurrently both lower
potentiation and fatigue compared to the quadricdpghose with higher type Il fibres
content. These evidences are in contrast to whafowed, making very unlikely that
END was selectively fatigued. We can give no exalem for the lengthened HRT only
in END. However, we cannot rule out the possibibfycontribution to PAP by factors
other than or connected to RLC-P (Rassier et 8B91 Rassier & Maclintosh, 2000),

involved in the relaxation phase and that, sintaRLC-P, differentially acting on type
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I and type Il fibres. In this regard, more researgmeeded to explore secondary
mechanisms to potentiation in muscles (Vanderbooah ,€2013).

Finally, it seems unlikely that changes in passesile components properties from
CC have played a role in altering potentiated @mile responses. It has been recently
reported that Achilles tendon stiffness was not ifredl after a MVC in plantar flexors
to induce PAP (Gago et al., 2014). Although théetatesearch only included power
athletes, as in the current study twitch PF, pR&m CT exhibited no between-group
differences in the pattern of potentiation, it denspeculated that likewise POW, END
underwent no changes in Achilles tendon stiffnesess PAP timeline.

7.3 Modulation of evoked potentials

Following. the 8-s CC, both Mmax, Msubmax, H-wave and H/Msubmegported no
significant changes compared to control valuesyQWEP and MEP/Mmax of both

groups were potentiated, immediately after CC.

In our investigation, potentiation appeared notli@r neuromuscular propagation, as
confirmed by no alterations from baseline in botmadk and Msubmax. Our results are
in disagreement with previous studies, which fowsnghificant increases in Mmax

recorded from LG (Sasaki et al., 2012; Xenofondoalg 2014). The exact reason of
this dissimilarity is hardly identifiable, as difent groups of participants and duration

of contractions were used among protocols.

Similarly to Mmax and Msubmax, CC had neither po&timg nor depressing effects
for both POW and END on H-wave and H/Msubmax. Rresistudies have reported
both changed (Gullich & Schmidtbleicher, 1996; Tolen& Harp, 1998; Folland et al.,

2008; Xenofondos et al., 2014) and unchanged (Hodgs al, 2008; Iglesias-Soler et
al., 2011) post-exercise H-reflexes magnitude. Hameeither the muscle group under
investigation or the conditioning stimulus for irdluy PAP were substantially different
than our experimental conditions. The closest coaipa study to the current

investigation, Xenofondos et al. (2014), reportesigmificant depression of H-reflexes
recorded at rest in LG immediately after a 10-sdcGR in healthy subjects, whereas
no changes occurred thereafter. The lack in Hxefledepression from our results

might be attributed to dissimilar participants’ kgund and shorter CC duration.
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When considering the immediate effect of previogfivation on H-reflexes, great
consideration must be given to postactivation depo®, as it substantially affects the
outcome (Crone & Nielsen, 1989; Hultborn & Nielsdr§98; Pierrot-Deseilligny &

Burke, 2012, 85). In this regard, measuring H-sefte over a background contractile
level (e.g. 15-20 % MVC) would greatly avoid thdeet brought by postactivation
depression (Stein et al., 2007). Indeed, the recgmirt of Xenofondos et al. (2014)
underlined the necessity of a low-intensity backigieb muscle activity when capturing
H-reflexes directly after CC to reduce the effedt pmstactivation depression on
outcome. When collecting H-reflexes across PAP ltmae a constant level of EMG

activity was also maintained in the study conductgdHodgson et al. (2008) to
decrease variability of H-reflexes and increaserobmover the recording conditions. In
our study, we opted for evoking H-reflexes at festmainly two reasons. Firstly, we
avoided the influence that background activity dotlave on subsequent H-reflex
recordings, as it would have modified the mere R&fect from CC. This was an

important consideration in our protocol as timirfgballistic contractions was chosen
based upon the magnitude of the evoked potenéiats experimental conditions were to
be kept as constant as possible between testirsjpses Secondly, it was unknown
whether background activity, and the resulting na@ttms outweighing postactivation
depression (Hultborn & Nielsen, 1998; Pierrot-Diiggiy & Burke, 2012), could affect

differently POW and END. From our study we can aaywonclude, with reference to
H-wave and H/Msubmax, that reflex transmission leetw la afferents and motor

neurons was unchanged from the conditioning agtimiboth groups.

Differently to the afore-mentioned evoked potestiaMEP and MEP/Mmax were
significantly increased directly after CC in bot®dW and END, with no between-group
differences. MEP short-term facilitation after neuscle activation found in our study
Is in agreement with previous reports (Samii etZ96; Ngrgaard et al. 2000; Balbi et
al., 2002). The primary mechanisms of this post@se MEP facilitation have been
found to be located at the cortical level (Samialet 1996; Ngrgaard et al. 2000; Lentz
& Nielsen, 2002), manifesting as increased nettatary output evoked from the motor
cortex by the magnetic stimulus (Taylor et al., @90 In addition, enhanced
corticospinal transmission immediately after briddVCs, presumably at the
corticospinal pathways-motor neuronal synapsessg@bieecht et al., 2010), might play a

role.
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Yet, interpreting the MEP as an index of the respamess of the pathway from brain
to muscle (i.e. subject to potential modulatioreath point in the pathway) (Carroll et
al., 2011), attempts to distinguish spinal andicaftcontribution in MEP facilitation in
POW and END, given our experimental approach, wdaddinappropriate for three
reasons. Firstly, H-reflexes should not be usetkpresent changes in motor neurons
pool excitability, due to oligosynaptic contributio presynaptic inhibition and
postactivation depression involved with the affénesiley (McNeil et al., 2013). Albeit
participants position and recording conditions weaeefully controlled, we might not
exclude pre- versus post-CC changes in presynaphibition and oligosynaptic
contribution, and we are certain that postactivatdepression shaped the H-reflex
response after contraction (Xenofondos et al., ROIHese factors, all together, make
difficult to draw conclusions about the excitalyilaf plantarflexors motor neurons and
their intrinsic membrane properties. Secondly, gmetic stimulus traverses different
synapses from the H-reflex. Thirdly, the fractioh motor neurons pool excited by
peripheral and transcranial stimulation might bé&edeént, as deductible from the
diversity in amplitude of H-waves and MEPs (seded). These considerations make

MEP and H-reflex further incomparable.

In light of these considerations, using differetimsilation techniques and stimulation
paradigms to localize spinal or cortical mechanismBAP is advisable. For instances,
CMS (Ugawa et al., 1991), which is known to be camaple with TMS because
activating the same population of motor neurong/@reet al., 2002), or preferably the
use of conditioned CMS by TMS (McNeil et al., 200@pould allow to account for

changes in motor neurons responsiveness during #A®&ine. Therefore, further

studies are needed to clearly divide the effecPAP into spinal and supra-spinal

compartments.

From our experiment, one main tract emerges though,facilitation of MEP is

confined within the CNS, without any influence fromltered neuromuscular
propagation. Although peripheral stimulation (whittas been used for M-wave
measurements) might activate a different portionnadtor neurons than MEP (as
evident from the nature of the technique and tifiler@ince in amplitude of the evoked
potentials, see table 3), the absence of changbstimMmax and Msubmax, and the
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persisted potentiation when MEP is normalized tod@nindicates the confinement of
MEP short-term potentiation within the CNS.

Caution must be taken when interpreting MEP fatilin merely as enhancement of
corticospinal pathways transmission, as the camitg activity might lead to
coexisting potentiating and fatiguing phenomenac8jeally, the considerable short-
term MEP facilitation 5 seconds after CC might habscured any manifestation of
MEP depression resulting from fatigue. In this relgat is difficult to claim a role of
short-term increased excitability of corticospin@hthways in PAP, as additional
measurements such as SP or paired TMS stimulieedead in future studies to address
coexistence of potentiation and fatigue (in forntoitical inhibition) from CC.

However, despite the unquantifiable role that iittoh might have played, no
differences in MEP and MEP/Mmax facilitation wdoeind between the two groups.
Considering this, although MEP is the result otimf events at different cortical and
spinal synapses (Petersen et al., 2003), it caspbeulated that central pathways were
affected likewise in POW and END from CC.

7.4 Postactivation potentiation and ballistic contactions

When ballistic performance was considered, CCradtatistical influence on pBRFD
in both groups. However, RMS EMG of POW was siguaifitly depressed at 1 minute
post-CC, relative to END, and at 2 minutes post-feative to control values.

The selective decrease of RMS EMG in POW might kelatned from a greater
susceptibility to neural fatigue from CC, of powaempared to endurance-trained
athletes. From our data, lower PF/MVF, higher ager®MVF and twitch potentiation
suggested higher type Il fibre content in the @arfiexors in POW than END.
According to previous studies (Komi & Tesch, 19Hamada et al., 2003), fatigue
hinders neural drive and voluntary performance nmapedly in muscles composed of a
higher proportion of type Il fibres than in musctEmmposed of a higher proportion of
type | fibres. It is therefore plausible that nédetigue might have affected POW to a
greater extent than END as after-effect from CCpamng neural drive in the
subsequent ballistic performance. The followingesbation though are worth to be
mentioned. First, as depicted in table 6, RMS EM@orted substantial variability in
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both groups, especially in absolute reliability (CWhose consistency is fundamental
when pre- and post-conditioning intervention valaes compared, as in our protocol.
This lack in good absolute reliability is a chaeaistic of EMG when used as a measure
of neural drive in ballistic contractions (Bucktperet al., 2012), presumably due to the
short window length available for EMG measurement e intrinsic variability of the
rapid actions. Second, EMG from only LG was incllide our analysis, as evoked
potentials were recorded from this muscle. HoweG activity from solely LG
might not be fully representative of a ballistiafoemance whereas force output comes
from the whole triceps surae activity. Third, chasgn signal amplitude from surface
EMG might not exactly reflect altered levels of reudrive to the muscle. This
incongruity resides on signal amplitude canceltat{garina et al., 2004) that might
arise. Given these observations, caution must kentavshen interpreting lower RMS

EMG as merely decreased or impaired neural drivexézute ballistic actions.

Previous investigations reported inconsistent tesod the effect of PAP on ballistic
performance, with increased (Baudry & Duchatea)720unchanged (Folland et al.,
2008), or decreased (Smith et al., 2014) pBRFD. Wehanced pBRFD was found
(Baudry & Duchateau, 2007), as ballistic voluntagnd electrically-induced
contractions exhibited the same extent of poteatiatPAP was not related to neural
mechanisms. When pBRFD was found to be depressadh(®t al., 2014), central
inhibition was ascribed as the primary cause, asxGEAd a measure of neural drive in
ballistic actions was decreased in parallel. In study, pBRFD was statistically
unchanged from CC. The lack of significance mighsue from the heterogeneity
within groups, the fact that participants in POWreveot high-level athletes, and the
quite-low sample size included in the study. Howeeaetrend toward significance was
found when groups were compared 5 seconds aftefPC€0.093), alluding to higher
conditioned pBRFD in POW than END, and within POWminute after CC (P =
0.069), suggesting a potentiating effect of theefabn ballistic performance exclusively
in the power-trained group. In this regard, we wedl-aware that non-significant p-

values should not be used to infer causal relatipss

Notwithstanding, one particular trait emerges froun data. At the time points reported
above, whereas neural values were either uncha(gedax, Msubmax, H-wave,
H/Msubmax) or potentiated (MEP, MEP/Mmax) likewiseboth groups, twitch PF and
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pRFD were the only measures which resulted diftemy potentiated, with greater
enhancement in POW than in END. This might suggeastain role of muscular rather
than neural factors in power athletes’ capacity exploiting PAP for ballistic
performance enhancement. Considering this coneept inother point of view with
our data, impaired neural drive in POW in ballisitions as a result of neural fatigue
from CC, could have led to decreased pBRFD if adersible muscular potentiation had
not occurred. Therefore, power-trained are morenenalble than endurance-trained
athletes to neural fatigue from CC, but if attenti® paid to minimize such impairment,
muscular factors might play a great role in potdiin of subsequent performance,
which would not occur in endurance athletes. Initamig the lack of between-group
differences found in ballistic performance indicgatovhen CM and CH reached
individually the maximum value, might suggest chesgn excitability of spinal and
corticospinal neural pathways not being functionatifluential in POW compared to
END for exploiting PAP. Our conjecture of the primaole of muscular potentiation is
in accordance with earlier studies (Baudry & Duehat 2006; Baudry & Duchateau,
2007; Bergmann et al., 2013). Baudry & Duchated0§2 2007) indirectly excluded
neural contribution to PAP, for conditioned baltstoluntary and electrically-induced
contractions exhibited the same extent of pBRFDemidtion. More recently,
Bergmann et al. (2013) reported increased rebowghtin drop jumps (conditioned
with two-legged explosive hopping), significantiglated with concomitant potentiated

muscular twitches, with unchanged EMG activity.

Yet, inference based upon comparison of evokednpate between POW and END,
might present limitations. Indeed, evoked potestialeasured at rest represent the
default characteristics of the pathway under ingatibn (Carroll et al., 2011), and
conjectures from them should be cautious, since tméght be poorly linked to
functional tasks (Taylor et al., 2000b; Carrollag¢t 2011). However, the lower RMS
EMG in POW reinforces the view of a primary rolemofiscular factors in performance
enhancement in PAP. Other reports studying neuna¢ do muscles after a strong CC
showed that less EMG is produced during subsechadhstic (Smith et al., 2014) and
submaximal (Petersen et al., 2003) efforts, therdatudy however being the only one
specifically addressing the effect of short-termnaé plasticity on voluntary movement.

Further investigations is therefore needed to ewplcausal relationships between
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changes in neural pathways excitability from madio@nditioning activity, regulation
of descending input to muscles, and ballistic pennce output.

7.5 Limitations of the study

In our experimental approach, the nature of oudstutime constraints and the
techniques used reported some methodological dicksbthat must be taken into
consideration when interpreting the results. Fastpreviously mentioned, we were not
able to find high-level power-trained athletes. iftegh type Il fibre content would
have additionally marked differences in both muacyotentiation and presumaby
pBRFD enhancement between POW and END. Second,amdyballistic contraction
was performed subsequent to each CC at each time phultiple contractions in one
trial could confound the mere PAP effects. As 2(utes of rest were necessary
between CCs, and considering the trials disregafded@ountermovements, only 4-5
conditioned ballistic contractions could be colétin the second session (i.e. 5 second,
1 and 2 minutes post-CC, at CTw, CM and CH). Howeualices of reliability of
ballistic performance (table 6) were similar tosa@reviously reported (Buckthorpe et
al., 2012), indicating the participants being adgieal with such actions. Third,
different portions of the motor neurons pool haverectional role in evoked potentials
and ballistic contractions, such that timing thigelaon the basis of the former might be
misleading. Both TMS and H-reflexes are known trug MUs in an orderly fashion
(Bawa and Lemon, 1993; Buchthal & Schmalbruch, )9ff0m slowest to fastest. This
means that the output of evoked potentials involdes a major extent the
neurophysiological characteristics of slow MUs. f&iéntly, although being the size
principle still followed in ballistic contractiongDesmedt & Godaux, 1978), such
actions primarily rely on fast MUs for rapid foraevelopment. This might thus
represent a drawback in using evoked potentialdifoing the execution of ballistic
performance, as different MUs might be targetedadidition, still with reference to
MEPs, we are aware that evoking them over a baadkgroactivity could allow
collecting measures of intracortical inhibition buas SP, useful to better define
coexistence of neural potentiation and fatigue AP Pthe latter in form of intracortical
inhibiton. However, we opted for evoking MEPs astréor the same reason as H-
reflexes, i.e. to avoid modifying the mere PAP efffom CC on subsequent MEP
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recordings. The last, notable factor is the spagyfiof CC to the subsequent ballistic
action. Closely matching the nature of both tagkg.(drop jumps conditioned by two-
legged explosive hopping) is important for explagtiPAP in performance (Bergmann
et al., 2013; Kimmel et al., 2014). We might notlege that the qualitative difference
between CC and the subsequent ballistic actioruinstudy masked the transfer of the
potentiating effect of the former on the latter.déed, considerable muscular
potentiation is needed when MVCs are used to emhanbsequent ballistic actions

(Baudry & Duchateau, 2006), and neural fatigue asenikely to occur.

7.6 Conclusions

In conclusion, the results from this study indic#tat PAP was characterized from
enhanced muscle contractile characteristics as wasllshort-term facilitation of
corticospinal excitability. When power-trained wetempared to endurance-trained
athletes, the former group benefited from PAP iteprs surae muscles only in terms of
higher potentiation of muscular contractile chagastics. Alterations in neural
pathways do not seem to play a discriminating nolPAP, as potentials evoked from
the la afferent & motor neurons and corticospinal pathways werectdtelikewise in
POW and END from the conditioned activity, and asmal drive, if affected, might be
depressed in the power-trained group rather thé&saresed, presumably due to neural
fatigue from the conditioning activity. Although ehindividual contributions of
increased corticospinal excitability and muscle twaxctile characteristics to
performance enhancement could not be individuallgngified in our study, differences
between groups in exploiting PAP in ballistic ansomight be primarily related to
muscular potentiating mechanisms, although only-gignificant potentiation was
found in ballistic performance in our experimentss difficult to extend findings from
carefully controlled lab-setting to practice, arakéd on the current knowledge neural
factors cannot universally be excluded from playangple in PAP. Further studies are
needed to address this topic, possibly includinghtevel athletes, multi-joint
exercises, conditioning contractions which matoh tlature of the performance to be
enhanced, and using stimulation techniques in etifumal context, whereas they might

better explain the role of the nervous system shsituations. The fulfilment of these
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criteria, although very challenging, would allow e closer to whom might benefit
from these investigations and to performance requénts.
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7 APPENDICE-S.

7.1 Appendix 1 -nformed consent

¢

JYVASKYLAN YLIOPISTO
UNIVERSITY OF JYVASKYLA

UNIVERSITY OF JYVASKYLA/

ETHICAL COMMITTEE

INFORMATION SHEET FOR RESEARCH SUBJECTS AND
CONSENT TO PARTICIPATE IN RESEARCH

Name of the study:

IMPLICATION OF NEURAL MOTOR PATHWAYS EXCITABILITY IN RATE OF
FORCE DEVELOPMENT OF BALLISTIC CONTRACTIONS DURINC
POSTACTIVATION POTENTIATION

Contact information of researcher:

Head researcher (supervisor:

Prof. Janne Avela
University of Jyvaskyl
Department of Biology of Physical Activ
Rautpohjankatu
Email: janne.avela@jyu.

Other supervisors:

Susanne Kumpulainen, PhD stud
University of Jyvaskyl
Department of Biology of Physical Activ
Rautpohjankatu
Email: susanne.kumpulainen@jyt
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Jussi Peltonen, PhD student.
University of Jyvaskyla
Department of Biology of Physical Activity
Rautpohjankatu 8
Email: jussi.peltonen@jyu.fi

Researchers involved in measurements

Luca Ruggiero, MSc student.
University of Jyvaskyla
Department of Biology of Physical Activity
Email: luca.l.ruggiero@student.jyu.fi
Tel.: +358451680020

Patricio Andres Pincheira Miranda, Han Yu Wu, Jevdhamaa.

Research background information

You are being asked to volunteer for a researctlyshecause you are healthy, with
either an explosive-type or endurance-type spakdpraund. Please read the following
paragraphs carefully. If you have any questionsamcerns regarding participation in
this study, you are encouraged to raise these ommeath the investigators.

The investigator in charge of this study is Lucag&aro. Luca Ruggiero is presently a
student in the MSc in Biomechanics in the Departne¢Biology of Physical Activity
in the University of Jyvaskyla. This study has beewised to fulfil the attainment of
the Master Degree.

Purpose, target and significance of the research

The purpose of this study is to determine how miasatharacteristics and excitability
of neural motor pathways affect rate of force depeient in rapid contractions during
postactivation potentiation. Potentiation in muacutontractile characteristics will be
induced through an 8-second maximal voluntary emtivn (MVC). For quantification
of muscular characteristics and neural excitabilityo forms of stimulation will be
employed, namely, peripheral nerve stimulation &radscranial magnetic stimulation
(TMS). In the former, a weak electrical currentlvie induced into the peripheral
nerve, whereas in the latter, a weak current v@llifduced in the brain area responsible
for the active movement of the lower leg.

The current will activate the neural tract bendghthsite of stimulation. Peripheral nerve
stimulation and TMS will be presented prior to aitér an 8-second MVC, to monitor
changes in excitability in the different activateeural loci. The study consists of two
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sessions, separated from at least 48 h. In thiesission, muscular characteristics and
neural motor pathways excitability will be measubedh before and after the 8-second
MVC, using peripheral nerve stimulation and TMSpegively in different trials.
Responses will be monitored up to 10 minutes falgwthe MVC. In the second
session, rate of force development of rapid cotitras both before and after the MVC
will be measured. Data obtained through your pigditon may help to gain an insight
about phenomena involved in performance outputesm®s as a consequence of a
potentiating method (e.g. MVC).

Purpose of use, handling and storage of research tda

Research data will be used only and exclusivelytHerresearch investigation purpose.
Data will be stored in the Hard drive of the congounside the lab, and in a USB
memory stick. After the completion of all the teatsd data analysis, namely about 8
months, data will be removed from the afore memitbnomputer. However, data will
be saved in a protected folder for further analgsid considerations. Anonymity will
be preserved in all the aforementioned passages.

Procedures targeted to the research subjects

Approximately 16 subjects will participate in thernent study. Eligibility to participate
has been chosen with the following criteria: i) lmween the ages of 18 and 30, ii)
having an explosive-type or endurance-type spockdraund, iii) be able to provide
informed written consent, and iv) eligible from 3% safety screening .

Participants in this study are recruited througladsiwithin email lists, advertisements,
and personal acquaintances.

The following paragraph relates to the descriptbthe study procedures. If you agree
to be in this study, the following will happen:

)] You will take part in 2 separate sessions, whase tand schedule will
be agreed according to your availability. All theasurements will be
conducted in the Biomechanics lab, Viveca buildiRgutpohjankatu 8.
Participants will meet in the main entrance of \aewith Luca
Ruggiero when agreed.

i) Session 1 Participants will be asked to read and sign thi®@rmed
consent. Additionally, a safety screening for TMH e presented. All
the following procedures will be explained duringdathroughout the
measurement session by the investigators priohea application. If
you have any questions or concerns regarding tbéogqwl, you are
encouraged to raise these concerns with the imatets. Surface
Electromyography electrodes will be placed on tbetgrior surface of
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the lower leg on muscles gastrocnemius laterally @d soleus (SOL),
and on the anterior surface of the lower leg omli® anterior (TA).
Furthermore, electrodes for peripheral nerve sttnh will be
positioned above the patella and in the popliteak& behind the knee,
according to the procedures used in previous stu@articipants will be
then asked to wear a swimming cap, for better phace of the TMS
stimulating coil above the head. Stimulation paramse for both
peripheral nerve stimulation and TMS will be thestedmined. Finally,
the participants will be asked to perform 5 triafsan 8-second MVC,
separated from 20 minutes each. Values of eithescalar contractile
characteristics or motor pathways excitability viaé quantified through
peripheral nerve stimulation or TMS applied priorthe MVC (control
values), and during a 10-minute period following MVC. Instructions
will be given from the investigators before eachltThe duration of the
first session will be between 2.5 and 3 hours.

i) Session 2Session 1 and Session 2 will be performed at Kfis apart.
Surface Electromyography electrodes will be plagedhe lower leg of
the participants following the procedures in Sessio However, in
Session 2, peripheral nerve stimulation and TMS wat be applied.
Participants will be asked to perform three batlistontractions,
separated from 2-minute intervals. Thereafter, ésd MVC will be
performed. Following the MVC, within a 10-minuterjpel, participants
will be asked to perform an additional ballistilmt@ction. Instructions
will be given from the investigators about the tigiand technique of
ballistic contractions performances. The numbdriafs required will be
notified at the beginning of Session 2. The estudime for Session 2
will be between 1.5 and 3 hours, depending on theher of trials to be
performed.

Benefits and potential risks to participants

Benefits: There is no prediction that participants will dilg benefit from
participation in this experiment. Although greateotor function (i.e. increase rate of
force development of ballistic contractions) witlmtar flexor muscles may result from
the MVC, the effects are short-term, confined te #0-minute periods post-MVC.
However, collected data through participation Wwelp to gain an insight on phenomena
involved in performance output increases, allowimglevelop efficacious conditioning
methods for both sport-related and health-relatesuas (e.g. movement-related
diseases).

Potential Risks:

Peripheral Nerve stimulation: Peripheral nerve stimulation induces a weak
electric current within the aimed motor nerve. Thlbws motor fibres firing to the
muscles of interest, therefore, muscle contractiBeripheral nerve stimulation,
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performed with the parameters applied in this ifigation that has been established as
“being safe” by previous studies, has been useslysaf many experimental researches.
Application of peripheral nerve stimulation may sautsome discomfort, e.g. tingling
when stimulation is triggered. However, effects anty temporary. Please report any
adverse effects you may experience to the expetargerso that they can monitor these
symptoms

TMS: According to the guidelines released from the §abét TMS Consensus
Group in 2008, single sessions of TMS or do notyctire risk of significant magnetic
field exposure since the total time is too shotim8lation with TMS is generally well
tolerated and experienced by most participantsaadgss. In some participants, it may
result in a minor headache or discomfort at the sftstimulation. However, provided
that participants fulfil TMS safety screening reguments, discomforts from TMS are
harmless, and if any, they rapidly vanish. Pleagpont any adverse effects you may
experience to the experimenters, so that they camtar these symptoms

Use of research results

As previously mentioned, data will be used for iwgtthe Master Thesis. Moreover,
results might be presented in seminars and corggessid reported in international
publications. The results will be anonymous attiatle. If wanted, participants can be
informed of their own results after measurementkshei completed.

Rights of research subjects

Your participation in this research is completebfuntary. If you choose to participate
in it, you have the right to withdraw from the syuét any time without any
consequences.

The organization and conduct of the research aedeaporting of its findings will be
done so that your identity is treated as configgntnformation. No personal
information that is collected during the researdh bve disclosed to anyone else besides
you and the research group. When the results ofrékearch will be published, no
information will be included that would reveal yougentity. At any point, you will
have the right to receive further information abth# research from the members of the
research group.
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Insurance

The personnel and activities of the University pakkyla are covered by insurance.
This includes insurance for the treatment of injurgbility insurance and voluntary
accident insurance.

During the study, the research subjects are insagainst damages, accidents and
injuries caused by an external cause. Accidentramse is valid during physical tests

and journeys directly to the research site and bEokvever, insurance companies do
not cover muscle or tendon sprains caused by sudttam if no external cause is

involved. In case of sudden injury or illness dgrphysical testing, the research unit is
prepared to provide immediate first aid. The labmahas first aid equipment and the
personnel are trained to use them. As insurancepani®s do not provide a complete
insurance coverage for research projects, for elgmpcase of a sudden illness, it is
recommended that the research subjects also hpeesanal accident/health insurance
and a life insurance

Consent to participate in research

| have been informed of the purpose and content ahe research, the use of its
research materials, and the potential risks and prblems it may cause to myself as
a research subject, as well as of my rights and ingnce protection. | hereby agree
to participate in the study in accordance with theinstructions given by the
researchers. In case of illness — cold, fever, fexample— , while recuperating from
an iliness, or if I'm not feeling well, 1 will not participate in physical tests that
involve such measurements as blood tests or otheampling, or physical strain. |
can withdraw from the research or refuse to particpate in a test at any time. | give
my consent to the use of my test results and the tdacollected on me in such a way
that it is impossible to identify me as a person.

Date Name of the research participant (cafatedrs) and signature

Date Name of the researcher (capital letms) signature



7.2 Appendix 2 — TMS Safety screening

1)

2)

3)

4)

5)

6)

7)

8)

9)

10) |

11)

TMS PATIENT SCREENING FORM (Rossi et al.,
2009)

This section has to be filled out by the
PARTICIPANT.
Please answer to the questions:

Do you have epilepsy or have you ever had a
convulsion or a seizure?

Have you ever had a fainting spell or syncope?
If yes, please describe on which occasion(s) in the
notes section on next page.

Have you ever had a head trauma that was diagnosed
as a concussion or was associated with loss of
consciousness?

Do you have any hearing problems or ringing
in your ears?

Do you have cochlear implants?

Do you have metal in the brain, skull or elsewhere
in your body (e.g., splinters, fragments, cligs,)e If
so, please specify the type of metal in the negepa

Do you have any implanted neurostimulator (DBS,
epidural/subdural, VNS) ?

Do you have a cardiac pacemaker or intracardiac
lines?

Do you have a medication infusion device?

Are you taking any medications?
f so, please list them in the next page

Did you ever undergo TMS in the past?
If so, please specify in the next page.

YES

YES

YES

YES

YES

YES

YES

YES

YES

YES

YES
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NO

NO

NO

NO

NO

NO

NO

NO

NO

NO

NO
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. . ’
Did you ever undergo MRI in the past” YES NO

12) If so, please specify in the next page.

Reference:

Rossi S, Hallett M, Rossini PM, Pascual-Leone A.
The Safety of TMS Consensus Group. Safety, ethical
considerations, and application guidelines forube

of transcranial magnetic stimulation. Clin
Neurophysiol, Dec 2009; 120(12): 2008-2039.

NOTES

Date

Name of the research subject (capital letters)sagnuature

Name of the researcher (capital letters) and sigaat
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7.3 Appendix 3 — Absolute values of measures.

TABLE 9. Group representative absolute values &mhameasure at each time point. Data are presastettan (SD in brackets)

Time points post-CC

Groups Variables Baseline 5s 1m 2m 3m 4m 5m 6 m 7m 8m 9m 10 m
END Twitch
PF (N) 216.19 229.93 223.98 223.43 223.95 224.33 219.1 218.01 215.38 215.46 212.61 208.61
(34.10) (40.03) (39.59) (41.01) (41.37) (42.39) (39.66) (39.40) (38.05) (36.12) (37.78) (38.34)
pPRFD (N/ms) 3.66 4.86 4.19 4.10 4.03 4.02 3.94 4.00 3.89 3.91 3.81 3.74
(0.36) (0.81) (0.46) (0.43) (0.45) (0.46) (0.46) (0.49) (0.53) (0.50) (0.54) (0.57)
CT (ms) 123.14 105.00 122.03 123.43 123.75 1269 121.35 120.75 122.2 12155 121.58 123.73
(11.95) (15.00) (21.39) (25.56) (20.63) (21.05) (22.54) (19.69) (19.53) (16.63) (18.03) (17.27)
HRT (ms) 114.84 119.5 123.60 129.73 126.34 110.37 114.93 114.73 110.95 111.82 111.69 111.04

(29.85) (41.44) (30.82) (48.83) (47.13) (26.71) (28.85) (23.41) (25.79) (25.99) (25.21) (25.52)
Evoked potentials
Mmax (mV) 14.12 13.79 1440 1424 1420 1402 1396 1399 13.89 1391 1386 13.85
(6.88) (6.06) (6.88) (6.70) (6.74) (6.57) (6.66) (6.81) (6.63) (6.67) (6.57) (6.61)
Msubmax (mV) 2.29 2.39 2.33 2.44 2.45 2.77 2.34 2.64 2.68 2.66 2.82 3.08
(2.91) (1.72) (166) (1.61) (1.22) (169 (1.06) (1.44) (151) ((1.46) (1.69 (2.15)

H-wave (mV) 348 327 293 322 332 345 341 346 343 342 338  3.39
(2.43) (1.69) (2.03) (2.43) (2.43) (2.34) (2.38) (2.35 (2.28) (2.30) (2.21) (2.10)
H/Msubmax 179 191 145 152 161 167 1.80 175 181 176 169  1.73
(0.53) (1.41) (0.76) (0.92) (1.00) (1.25) (1.17) (1.29) (1.47) (1.35) (1.28) (1.50)
MEP (mV) 048 095 057 058 045 040 031 041 043 041 045 037
(0.34) (0.39) (0.56) (0.23) (0.36) (0.41) (0.26) (0.30) (0.38) (0.39) (0.42) (0.43)
MEP/ M max 004 008 004 005 004 003 002 003 003 003 003 0.03

(0.02) (0.04) (0.02) (0.03) (0.03) (0.02) (0.01) (0.01) (0.02) (0.02) (0.02) (0.01)

Ballistic contraction CM CH

pBRFD (N/ms) 7.90 7.88 7.92 8.15 7.73 8.17
(2.99) (3.59) (3.04) (3.11) (3.65) (4.05)

RMS EMG 1.23 1.19 1.35 1.14 1.33 1.34

(0.50) (0.64) (0.55) (0.42) (0.59) (0.43)
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TABLE 9. Contd

Time points post-CC

Groups Variables Baseline 5s 1m 2m 3m 4m 5m 6 m 7m 8m 9m 10 m
POW Twitch
PF (N) 167.11 217.05 191.95 184.91 18151 176.09 176.57 173.22 172.32 169.00 169.94 167.85
(21.07) (32.98) (26.32) (23.91) (22.83) (21.08) (22.12) (21.79) (21.60) (23.20) (24.62) (24.73)
pPRFD (N/ms) 3.28 5.40 4.23 4.02 3.86 3.80 3.68 3.69 3.56 3.46 3.42 3.39
(0.62) (1.31) (0.95) (0.96) (0.95) (0.90) (0.89) (0.96) (0.90) (0.88) (0.80) (0.80)
CT (ms) 109.83 83.73 102.48 107.63 109.50 106.55 110.03 110.95 111.58 110.40 110.90 107.70
(23.22) (21.39) (26.59) (31.18) (30.41) (30.78) (30.32) (30.12) (27.91) (26.75) (25.79) (25.73)
HRT (ms) 115.92 108.27 110.76 116.85 116.45 115.25 118.13 111.77 110.33 110.62 110.13 115.69

(28.86) (23.89) (20.25) (29.14) (30.08) (34.70) (33.53) (33.03) (30.34) (30.15) (31.51) (33.34)
Evoked potentials
Mmax (mV) 13.99 1400 1451 1433 1439 1419 1420 1403 1391 1392 1394 13.83
(400) (4.01) (@434) (4.23) (4290 (4.04) (4.23) (398 (399 (4.08) (4.15) (4.00)
Msubmax (mV) 1.56 1.47 2.03 1.80 1.77 2.01 1.64 1.80 1.96 1.80 2.07 2.06
(0.77) (0.67) (169 (1.17) (1.16) (168 (0.83) (1.22) (57) (@17) (1.80) (1.72

H-wave (mV) 275 233 301 325 326 323 333 327 336 333 345 3.37
(2.49) (2.07) (2.83) (2.75) (2.89) (2.88) (2.81) (2.78) (2.81) (2.72) (2.82) (2.76)
H/Msubmax 240 216 259 280 286 278 2582 279 287 282 295 280
(2.36) (2.00) (2.72) (2.76) (2.82) (2.82) (2.76) (2.70) (2.77) (2.57) (2.80) (2.71)
MEP (mV) 042 087 046 035 033 038 037 041 032 034 028 0.30
(0.24) (0.52) (0.24) (0.16) (0.17) (0.18) (0.13) (0.23) (0.16) (0.25) (0.17) (0.20)
MEP/Mmax 003 006 003 003 002 003 003 003 002 002 002 002

(0.02) (0.03) (0.02) (0.02) (0.01) (0.01) (0.01) (0.01) (0.01) (0.01) (0.01) (0.01)

Ballistic contraction CM CH

pBRFD (N/ms) 8.66 10.22 9.52 8.77 10.03 8.07
(2.23) (2.61) (1.33) (2.50) (2.56) (1.40)

RMS EMG 1.09 1.21 0.89 0.77 0.90 1.24

(0.55) (0.65) (0.59) (0.40) (0.52) (0.63)
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CC, Conditioning Contraction; END, Endurance-trdin@roup; POW, Power-trained Group; PF, Peak Fop&FD, Peak Rate of Force Development; CT,
Contraction Time; HRT, Half-Relaxation Time; MmaXkaximal M-wave; Msubmax, M-wave preceding the H-eaMEP, Motor Evoked Potential; pBRFD, Peak
Rate of Force Development of the Ballistic Conimgt RMS EMG, Normalized Root Mean Square of EM@nirits Onset to the Peak Force of the Ballistic
Contraction; CM, Conditioned MEP/Mmax; CH, Conditeaal H/Msubmax.



