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Abstract

Title: Effect of rest duration in explosive strength training of lower extremities

Objectives This dissertation aims 1ad) review the effects of rest duratios in explosive
strength training ofhe lower extremitiesii) testhow differentinter-repetition rest durations
impactacuteonset of fatigugelated performancehangesiuring repeated jumps; iiBssess
the effect of impact forces on cumulative fatignentermittent vertical jumpsiv) compare

thetakeoff and landing parameters of three common plyometric exercises.

Methods: A systematic literature review and two quesndomized crosever data collections
were conducted The review screenefbur databases for studiem rest durations in jump
training, including healthy participantsf any age gender,or training level. The first data
collection involved 20 recreationally trained men perfdng three types of jumps:
countermovement jump&MJ), hurdle jumps(HJ), andbox jumps(BJ). Ground reaction
forces, movement velocities, and displacemevdse measuredThe second dateollection

measured heart rate, blood lactate concentration|aadizedmusclecontractile properties
before and afte60 CMJswith varyinginter-repetition rest duration® to 12 secondsh 14

recreationally trained meWelocities, displacementand rating operceived exertion (RPE)
were also recorde®ost hoc correlation and subgroup anedsywere performetb explorethe

relationshipbetwea jumping performancendparticipantcharacteristics

Results: The review showedthat manipulating interepetitionandinter-set rest intervalsas
well as using rest redistributi@anreduce performance loss in demanding plyometric sessions
with specific rest requirementiependingdn othertraining parameters @, training volume)
age andtraining statusHowever, forming a recommendation sgecificrest durations was
not possibleOur empirical data suggestthat CMJ, HJ, and Bsharesimilar key takeoff
characteristics(i.e., @ncentric velocity,peak vertical and resultant foe¢ rate of force
development, and total impulsion timevith differencesincluding smallerhorizontal force
and deeper countermovement in CMid dower impact forces in BJOutcomes from 30
repeated jumpdid notshowbenefitsof reduced impact forces preventing performance loss
due to cumulative fatigyealthough thus effect maljlave been maskeby experimetal
limitations Interrepetition resdurationsof O to 4 seconds reded fatiguerelated changes
including jump height,takeoff velocities heart rate, blood lactate concentration, muscle

contractile properties, and RPEorrelationand subgrou@naly®s found some significant



relationships and differences tied mainly to maximal strength and jumping abilities of our

samples, but these findings are tentative due to small sample sizes.

Conclusion: As little as 4 seconds aiter-repetition restaneffectivdy mitigate performance
losses in explosive strength trainioflower extremitiesmaking long intesset rest intervals
unnecessaryOptimal interrepetition restintervals could enhancetraining by maintaining
performanceover larger training volumg reducingrecovery timeand increasing efficiency
by preventingoverresting.Ourfindingsmay apply to othercommonplyometric exerciselke

HJ and BJ due to many kinetic similarities@MJ. The effect of impact forces datigue
relatedonset ofperformancdosses in €peated jumps remaingclear More research should
follow to gainmoredetailedinsights into the effects eery short interrepetition resintervals
between 0 and 4 secondisng-termtraining effects, and validate our results with larger and

more diverse samples.

Keywords: countermovement jump, plyometsjc fatigue, exertion, recovery, load

management, exercise selection, impact force



Abstrakt

Nazev.Ef ekt d®| ky odpolinku v tr®ninku explozi v
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1 Introduction

A superiorlevel of muscularstrength described athe abilityto produce force against
an externalresistanceSiff, 2000; Stone, 1993)is strongly correlatel to multiple factors
enhancing athletiperformance(Suchomel et al., 2016 However,in a competitive sport
setting thespeed with whiclstrengthis expressed can be equally as important asatmitude
Performance inports incorporatingvarious types ofumping, sprintingand rapid changes of
direction is greatly aff ect(@udahbtgpl, 2014hQalebette 6 s |
& Georgieff, 2007; Hoffman et al., 1996; le Gall et al., 201@)ich colloquially refers to the

ability to produce a large amount of force in a short amount of(imeka, 2008)

Taking this into account, it should not come as a surprise that improving power output
has been reported to be one of the maims of strength and conditioning coaches across
variousspors and age groupfuehring et al., 2009; Durell et al., 2003; Ebben et al., 2004,
2005; Ebben & Blackard, 2001; Simenz et al., 2005; Weldon et al., . 288@ugh there are
a variety of training methods thed&n result in improved power outpptpbably the easiest to
implement and progress in most training environments is plyometric training. Plyometric
training requires little to no equipment ahds beerrepeatedlyvalidated as effective for
improving ability to produce powéBedoya et al., 2015; Johnson et al., 2011; Markovic, 2007;
Slimani et al., 2016; Stojanovil et al., 201

Althoughthe available literature provides a high level of certainty in effectivenfess
plyometric training the confidence in ways to optimize the plethora of training parameters a
well as identification anéh-depthunderstanding of marfactors whichcouldinfluence them
is still lagging Thereforejn this dissertation, we set outdommarize the state of knowledge
regarding factors which influence programming decisions regarding rest intervals and to test
the effectof some of these factors. Specifically, effects of hnegretition rest duration to
prevent acute fatigueelated performance loss in a set of repeated jumps in the novel way

which would add value to both research and training practice.



THEORETICAL PART

2 Definitions and foundational concepts

As outlined in the introduction,a key objectiveof strength trainingacross various
athletic disciplines igo enhanceexplosive strengtltambilities Explosive strength an be
defined aghe maximal or neamaximal rate of concentric force prodion throughout the
range of motion specific for a given movement tg&tone, 1993) While genetic
predispositions play a major rol e i(Beundn ct at i
& Thomis, 2006; Calvo et al., 2002; Hughes et al., 20itDan be improvedhroughwell
designed trainingrogram(L. Chen et al., 2023; Pajerska et al., 2021; Santos & Janeira, 2008)
In sport settings, explosive strength is often quantified using power oatpaglar quantity
measured as the product of average force and average véldc®ynnis, 2013) To enhance
power outputthroughtraining, specific adaptatioria key underlying biomechanical factors
mustbe achievedsuch asnincreasechumber and firingate ofmotor unitsor anincreased

muscle crossectional are@VicBride, 2016)

The principle of specificity is one of the core concepts of strength traioften
referred taas the SAID principlewhich standsfofi s p e c i f i ctoimpbse¢ demandso n s
This principleindicates thatraining adaptations are dictated by the nature of the training
stimulus (Sheppard & Triplett, 2016)However, training specificityshould notbe viewed
binarily i specific or na-specific Instead, it anbe betteunderstoodis a spectrumanging
from lessto more specific. For example, to improve vertical jurpprformanceone could
selecta less specific exercise suchthg seatedeg press oa more specifieexercise like the
barbell squatThe smilarities in movement pattesibetweerthesquat and vertical jump make
the squat more specific thatie leg pressthoughneither exercis perfectly replicates all

aspects of a vertical jump.

There are at least tdactorsto consider when assessitige specificity of a training
stimulus: movement pattern, contractitype muscle lengthmovementvelocity, force of
contraction muscle fiber recruitmenmetabolism, biochemical adaptation, flexibility, and
fatigue(Verkhoshansky & Siff, 2009Based on theskctors performinga barbellsquat for
vertical jump development might provide similar stimulation regardnovement pattern,
contraction type, and muscle lengths, ibwtill not match the movement velocitieshieved

duringthe vertical jump This mismatch in movement velocity has been shown to reduce the



training effect(Behm & Sale, 1993)Therefore, other trainingariables such asovement
velocity, training volumeandintensity, proximityto failure, and rest intervals can egually

importantin determiring specific training outcomes as exercise selection.

Strength training methods are represented dncietelevels of the aforementioned
training variableswhich determire how individual exercise @htto be performed and what
training effecs canbe expectedVerkhoshansky & Verkhoshansky, 2018)ultiple training
methods such as plyometrics, weightlifting derivatives, potentiation complexes, eccentric
training, training with variable resistan@ndballistic training canbe used t@nhanceower
output capabilitiefSuchomel et al., 2018Yhere are important differences time required
equipmentskil pr er equi si t es, a n dor eathiol tleeseemiethodstta i n i n ¢
effectively implemented in a training process. For example, weightlifting derivatives require
access tepecial equipment (e.g., barlsellumbbel, or kettlebelt), a higher level of balance
andjoint stability, as well asmasteringelatively complexexerciseechniqus beforetheycan
be effectivelyused toincrease maximal power output in an athlete. Conversely, hessh
equipmentand a lower baseline level ofabilities are required to implememind scale

plyometrictraining.

Plyometric training is characterized by quick, powerful concentric movements
immediately preceded by an eccentric-pietch or countermovemerdpmmonly seen in
activities such as jumping, throwing, and runnifptach & Chu, 2016)This movement
sequenceknown as the streteshortening cycleprovidesnumerous performance benefits,
including improvements ixertical jump, running speed, agilitgndrunning economyBooth
& Orr, 2016; Markovic, 2007)Researcimto thestretchshortening cycl@asidentifiedseveral
underlying mechanisms, suchas t endonés ability to store a
stiffness and compliance of involvettuctures, involuntary reflexive processeat regulae
joint stiffness and muscle peetivation,the proximity to optimal muscle length befotlee
concentric phase, artikderatio between fast and slow twitatuscle fiber typgin the involved

muscels(Turner & Jeffreys, 2010)

A vertical jJumpserves as an effectiexample to demonstratiee influence ostretch
shortening cycleon augmenting power outpult is wellFknown thata vertical jump from a
static squat positiowithout countermovemerit squat jump (SJ)which limits theimpact of
thestretchshortening cyclgtends to be lowahancountermovement jump (CMihatutilizes
the stretchshortening cycle through rapid descend frona standing position immediately



before takeoff. Further enhancement of jump heigtgnde achieved by incremg the

intensity ofthe stretchshortening cycle, for example by increasing-fanesion viaa faster

eccentric velocityduringthe countermovemenas seen in a drop jump (DJ) franelevated
platform(McBride et al., 2008; McCaulley et al., 200The potentiating effect of thetretch

shortening cycléncreass with thespeed and amplituds thecountermovemer{fTaube et al.,

2012) as long as the forcédeom theprest r et ch remain within indiyv
them(Lees & Fahmi, 1994; Peng, 2011; Voigt et al., 1995)

Sincestrength training adaptations are velo@pecific(Behm & Sale, 1993; Kanehisa
& Miyashita, 1983; Parej8lanco, RodrigueRosell, et al., 2017; PareRlanco, Sanchez
Medina, et al., 2017and most sportare performedwvithout additional loadoeyond the
at hl et weigbt plometrictraininghas great potential to serveaseffective activity-
specific, highvelocity, bodyweight training toah many strength and conditioning programs
However, eachraining stimulughatresults infithess improvements simultaneousgtgluces
some amount of fatigue. ®fatigue cartemporarilymasksome or all othe positive effect of
training,a concepknown aghefitnessfatigue mode(Chiu & Barnes, 2003)

Multiple defintions of fatigue are usedn research andraining practicewhich can
complicate compaisons and communica&n of outcomes For example,some common
definitions includefia | oss of -gneanxe maitm ffipfrxieparce ttyo mai r
required or expected forceo, Aifailure to ge
continue working at andgpvegr exseirwcea seeduwdteina
activation of m u(Bhdlipse 201b)iTheisenvgriededefmitioasi canelgad to
practical problemsasdepending on the task at hand, there might be a large gap between the
points at which capacity to generate maximum force is lost, expected foacmot be

maintained, anthe motor cortex fails to generate output.

Fatigue in sport and exercise is studisthg variousnethodsincluding data collected
directly during sport competitions and during sport simulatiohBese methodsare
ecologically valid but technologically and logistically limited. In contréaboratorybased
methods such as repeated muscle contractions and artificial muscle stimulation provide large
amounts of datalthough they arbound to laboratory environmenévhich arefar from sport

specific conditiongCairns, 2013)

Currently, there is no single definitive marker of fatigge,researchers must use

various markers depending on the nature of the activity and available métkefidmarkers



for detecting elevated fatiguaclude biochemicaimarkers(e.g.,lactate,creatine kinaseor
adenosine), endocrinmarkers(e.g., thyroidor cortisottestosterone ratio), immunological
markers(e.g., blood leukocyte concentratipnautonomic nervous system alterations (e.g.,
heart rateor heart rate variability), neuromusculanarkers (e.g., CMJ performancg
psychological questionnaires, and gsejported methods (e.g., rating of perceived exertion
scales)(BestwickStevenson et al., 2022; Thorpe et al., 20HQwever, fatigue markers
should not be confused withe causative mechanisms of fatiglactors such as elevated
inorganic phosphate in muscle, severe intracellular and extracellular acidesbral
hypoxemia, reduced muscle glycogen, ahavered transsarcolemmal gradient of potassium
cationare suggested to be among the main mechanisms causing fatigue during physical activity
(Cairns, 2013)

For the purpose of this dissertation, fatigu# be definedas significantdetrimental
changs in key dependentvariables such asjump height, peak concentric power, peak
concentric velocity, rate of force developmearid seHreported rating of perceived exertion
pointing

Concrete mechanissand symptoms of fatigue aspecific to theactivity, athlete, and
environmen{Knicker et al., 2011)intense plyometric exercise can induaédue leadng to
neuromusculachangeshat manifest as acute decreasesrinvementvelocity, potentially
diminishing thetraining effect(Nicol et al., 2006) These neuromuscular changes resoinf
acombimation ofmetabolic and mechanical effeatseating avicious circleof reducedstretch
tolerance withirthemuscletendon unit This reductioeadsto elevatedpeakground reaction
forces angrolongedcontact timessubsequentlgecreasinglastic recoil and increasy work
during the takeoff phase(Nicol & Komi, 2003)

In common bilateral plyometric exercispeak vertical ground reaction forcean be
as high a$- to 4timesa t h | dyweigkt(Jensen & Ebben, 2007; Wallace et al., 2010)
While such forcesnightbe manageable isolation theycan become taxing wiithhthe context
of higher training volum&required for effective power developmemtaining volume and
program duration arerucialparameters to consider optimizing plyometric training stimulus
(Saez de Villarreal Saez et al., 2009, 201&2)metaanalysis investigating the effects of
plyometric training on vertical jump performance reported that the best results were achieved

by training programsghatincluded at least 50 repetitions of higg#ffort jump variations (g.,



SJ, CMJ, and DJ) per training sessa lastd at least 10 weekSaez de Villarreal Saez et
al., 2009)

Designing a plyometric program consistent with these recommendations sequire
careful manipulation oftraining variablesto achieve positive adaptations whipeevening
excessivdatigueinducedvelocity losg(GarciaRamos et al., 2015; Hardee et al., 2012; Mora
Custodio et al., 2018)his is particularly important when performimgiense training tasks

across higher training volumes.

Since rest interval manipulation has already been shown to be effective in managing
fatigue in resistance trainir{@rgic et al., 2018; Tufano et al., 201it)is reasonable to expect
that similar benefits could be expected for plyometric training. However, the effect of rest
period manipulation in plyometric training has not yet been investigated as extensively as in
resistance training, indicating a need further research to enable confident recommendations
for training practice. Therefore, the aim of this dissertation is to review and expand the current
state of knowledge regarding the practical use of rest periods in plyometric training for

explosive srength development, with a special focus on inégetition rest.

When creating a training programmultiple variations of rest periotypesare used
througlout the proces¢Table 1) We cancategorize theseest periodsnto two main types:
occurring within a single training session and those separating two consecutive training

sessions.

Within a single training session, rest pericg#sve various purposes: thegparate
consecutive sets ohaxerciseas well asndividual repetitionsor groups of repetitionsithin
asingle setRest periods occurring between repetitions are often referred to aseipétition
rest, whle inter-set rest descrilsethe rest periods between sef$ufano et al., 2017)
Additionally, in cluster set structuréhe rest periods separating groups of repetitions within

one setarecalled intraset res{Tufano et al., 2017)

Rest period between two consecutive training sessiareseferred to as inteday rest
(RamirezCampillo et al., 2015)usually expressed in the number of hours separatiag t
sessions. Ahough training frequency is not &ue rest period it is an important training
variable closely related to inteliay resttypically expresseasthe number of training sessions
within a single weekSchoenfeld et al., 2016)



Table 1. Definitions of resperiodtypes.

Program variable Definition

Inter-repetition rest Rest interval between individual repetitions within a single
P set(Tufano et al., 2017)
Rest interval between groups of repetitions within a single

Intra-setrest | in the context of cluster set structifaitano et al., 2017)

Inter-set rest Rest interval between sets (i.e., multiple repetitions of an
exercise performed in sequen¢&yfano et al., 2017)

Inter-dav rest Rest interval between individual plyometric training sessic

y (RamirezCampillo et al., 2015)

The number of training sessions performed in a given per

Training frequency of time, usually a weelSchoenfeld et al., 2016)

3 Factors affecting restduration requirements: A systematic iterature review

A systematic literature review was performed in accordanite the Preferred
Reporting Items for Systematic Reviews and M&talyses (PRISMA) 2020 guidelinéBage
et al.,, 2021) To search electronic databases, the Population, Intervention, Comparison,
Outcome (PICO) strategy was used and included terms for plyometric type exercise, types of
rest period, set structures, fatigue, and muscle damage. A systematic literaturenstmanch i
electronic database®/eb of Science, Scopus, SPORTDiscus, and Pulmasdonducted first
on April 24", 2020,and additional search waserformed onJuly 19", 2021. The following

three combinations of keywords were searched individually in eaabatze:

a) ((ballistic OR explosive OR jump OR plyometric) AND (ingat OR interset OR inter
repetition OR interrepetition OR intelay OR interday OR intraet OR intraset OR
intermittent) AND (duration OR interval OR rekst)

b) ((ballistic OR explosive ORump OR plyometric) AND (exercise OR intervention OR
training) AND (cluster OR "set structure” OR "training frequengy")

c) ((ballistic OR explosive OR jump OR plyometric) AND (exercise OR intervention OR

training) AND (exhaustion OR fatigue OR "muscle damage" OR soreness))

No publication year restrictions were applied. Additionally, references cited in study reports

which met the inclusion criteria were evaluated. Unpublished manuscripts, reviews, conference
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abstracts, and ngoeer reviewed articles were not considered. The literature search was

performed bytheauthorof this dissertation
3.1 Inclusion criteria

The studies had to fulfil the following inclusion criteria to be included in this systematic
review: (1) was published in English language; (2) puesished impeerreviewedournat (3)
included only healthyarticipants (4) used bodyweight loading during the intervention; (5)
used variations of jump exercisdaring the intervention; (6) clearly specified intervention
volume, intensity, and rest period length; (7) usedmachine based exercises (i.e., sledges
isokinetic dynamometergr other speciabquipment) ( 8) clearly speci fi
fati gueo waStudydreports rusimg assisted jumps, resisted jumps, and special
equipment such as sledgesd isokinetic dynamometensere excluded to reduce the
possibility of further confounding variables, to ensure clarity in our review, and to make the
results of this review easier to apply in most training settings without the need for special

equipment. No restriction related teetoutcomes was in place.
3.2 Study selection and data extraction

The study selection process was initiated by downloading the records and removing
duplicates. Titles and abstracts were screened, and any irrelevant records removed. The
eligibility of the remaining records was assessed using the full texts. The follmfongation
was extracted from the eligible study reports: (1) identification information of the study; (2)
sample size; (3) characteristiof participantssuch as age, gender, and training status; (4)
intervention characteristics such as exercise(s),usdume, intensity, rest duration, and set
structure; and (5) relevant outcome measures. Study selection, eligibility assessment, and data
extraction were performed ke authorof this dissertationin case of any uncertainty the
study selection, assessmeartd data extraction were consulted withghpervisor

3.3 Search results

The literature search of four databases identified a total of 8,422 stedigsyfour
studies met our inclusion criteria after removing duplicate results and screening for eligibility.
Backward citation searching of the eligible studies resulted in identification of artdther
eligible studies. Therefore, a total®f studies were included in our review. Figdrprovides

a flow chart ottheliterature search process.



Figure 1. Flow chart oftheliterature search process.
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3.4 Characteristicsof included studies

A total of 1177 participantg1050 males, 83 females, and 44 of unspecified sex) participated

in the included studies. Two studies included only ferpatécipantfKamandulis et al., 2019;
RamirezCampillo et al., 2018)ive studies includegarticipantsof both sexe¢Brown et al.,

2010; Ducrocq et al., 2020; Konstantopoulos et al., 2021; Kramer et al., 2019; McNeal et al.,
2010) two studies did not specify the sex mdrticipants(Cooper et al., 2020; Tobin &
Delahunt, 2014)and the rest of the studies included only nymeticipants Five studies
included only youthparticipants(Bianchi et al., 2018; Bouguezzi et al., 2020; Ramirez
Campillo et al., 2014, 2015, 2019)vo studies included both, young and aghatticipants
(Lazaridis et al., 2018; Marginson et al., 2Q0&)d the rest included only adphrticipants

Ten studies classified the training status mdrticipantsas untrainedEiras et al., 2009;
Lazaridis et al., 2018; Makaruk et al., 2014; Miyama & Nosaka, 2004a, 2004b, 2007; Saez de
Villarreal Saez et al., 2008; Skurvydas et al., 2000, 2006, 208.8% physically activAsadi,

2015; Asadi & Ramireampillo, 2016; Dias et al., 2022; Kamandulis et al., 2019;
Konstantopoulos et al., 2021; Kramer et al., 2019; Moreno et al., 2014; Pereira, de Freitas, et
al., 2009; Pereira et al., 2014, Pereira, Morse, et al., 2009; Skitoaet al., 2021; Skurvydas
etal., 2011; Skurvydas, Kamandulis, & Masiulis, 2010; Skurvydas, Kamandulis, Stanislovaitis,
et al., 2010; Wadden et al., 2012]) as trainedBianchi et al., 2018; Bouguezzi et al., 2020;
Brown et al., 2010; Chatzinikolaou et al., 2010R.Chen et al., 2013; Cooper et al., 2020;

Dal Pupo et al., 2013; Ducrocq et al., 2020; Fernandes et al., 2020; Hespanhol et al., 2007;
Kons et al., 2020; Mgeal et al., 2010; Paulus et al., 2021; Pereira et al., 2008; Ramirez
Campillo et al., 2014, 2015, 2018, 2019; Read & Cisar, 2001; Tobin & Delahunt, 2014; Yanci
et al., 2017) 2 includedparticipantsof multiple training level§fKamandulis et al., 2016;
Skurvydas et al., 2002and 2 studies did not specify the training stdkigkas et al., 2010;
Marginson et al., 2005)'wenty-six studies used a withisubject design, and 24 studies used

a betweersubjects design. Table includes an overview gbarticipantscharacteristics for

individual studies. Experimental protocols and assessed outcomes are summarizedan Table
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3.5Risk of bias assessment

Cochrane Coll aborationds tools were wused
studies. Specifically RoB 2.0 for randomized trials, RoB 2.0 for chuateomized trials, RoB
2.0 for crossover trialéSterne et al., 2019and ROBINSI (Sterne et al., 2016)ere used
according to the research design of each study. The risk of bias assessment was performed by
the author of this dissertation. In case of uncertain judgements, the final decision was made
after consultation with the supervisor. An important coesition for interpreting the
assessment results was the difference in judgement scales between RoB 2.0 and-ROBINS
ROBINSI t ool allows for domain judgement of #fAn
the relevant signaling questions are insuffitier missing. On the other hand, this domain
judgement is not possible for RoB 2.0 tool a
judgement. Therefore, when discussing the results of the included studies, a distvastion
madebetween the studies that were assessed to include high risk of bias due to included or
missing information.It is likely that many of these issuewere present because of

underreportingas opposed tilawedresearch design.

According to the design of individual studies, 15 studies were assessed using RoB 2.0
tool for randomized trials, 1 using RoB 2.0 tool for clusterdomized trials, 10 using RoB
2.0 tool for crossover trials, and Bsing ROBINSI tool. Out of the 26 studies assessed for
biasdue to randomization procesmly one was judged as low rilRamirezCampillo et al.,
2018) while the rest included some concertigse aranostly due to missing details about
concealing the allocation sequence or randomization method. Bias due to period and carryover
effects was specific only for crossover studies, some concerns existed for 2 studies (Ducrocq
et al., 2020; Moreno et al., 201 Five studies were considered high risk for bias due to
deviations from intended interventions. Reasons were missing information about the
implementation and/or adherence to the intervenf{idsadi & RamirezZCampillo, 2016;
Makaruk et al., 2014; Saez de Villarreal Saez et al., 2@08) concerns regarding control of
important norprotocol interventiongSkurvydas et al., 2011, 2018jigh risk of bias due to
missing outcome data was present for 20 studiesnantficientinformation was reported by
17 studies. However, the reason for the high risk in all cases was the inability to confirm that
the data were available for all or nearly all participants, based on the reported information.
Some concerns regarding measurement of the outcome existed onlgndo study
(Chatzinikolaou et al., 2010} his was due to the assessment of muscle soreness as a subjective

rating during muscle compression while bgtharticipantsand outcome assessors were
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potentially aware of the intervention received. Other studies which included this method also
included other muscle soreness assessments (i.e., during squatting or walking without
compression). Some concerns for risk of bias due to selection of the dejesué was present

in all included studies as analysis according to a prespecified plan could not be confirmed for
any included study. Three domains were assessed only forandomized studies:
confounding, selection of participants, and classificabbinterventions. Six studies were
classified as serious risk of bias due to confoundaugsed byntervention orde(Hespanhol

et al., 2007)not controlling for physical activity before interventigfamandulis et al., 2016,

2019; Marginson et al., 2005; Skurvydas et al., 2008sing information about training status

and sport specializatidifrernandes et al., 202@nd possible training effect resulting from the
knee extension testingtamandulis et al., 2019 he risks of bias inselection of participants

and classification of interventions ave low for all nonrrandomized studies he full risk of

bias assessment rep@fpresented in Tables 3 and 4
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Table 4. Risk of bias assessmermtsrandomizediesigns

Study D1 (Dib| DS | D2a|D2b| D3 | D4 | D5
Asadi 2015 | 1 NA | NA | 1 + X + T
Asadi et al. 2018 | 1 NA | NA | 1 X X + T
Bianchi et al. 2018 | 1 NA | NA | 1 + + + T
Bouguezzi et al. 2020 1 NA | NA | 1 + + + T
Chatzinikolaou et al. 2010 1 NA | NA | T + X | T
Chenetal. 2013| 7 | NA | + T + X + T
Ducrocg etal. 2020| 7 | NA | 1 T + X + |71
Eirasetal. 2009| 1 NA | NA | T + X + T
Krameretal. 2019 T | NA | + T T X + T
Makaruk et al. 2014 | 1 NA | NA | 1T X X + T
Miyama et al. 2004 | 1 NA | NA | 1T + x + T
Miyama et al. 2007 | 1 NA | NA | 1T + x + T
Moreno etal. 2018| T | NA | T T + x + T
Pereiraetal. 2008 T | NA | + T + x + T
Pereiraetal. 2000| T | NA | + T + x + T
Pereiraetal. 2000| T | NA | + T T X + T
RamirezCampillo et al. 2014 | 1 NA | NA | 1T + + + T
RamirezCampillo et al. 2018 | 1 NA | NA | + + + + T
RamirezCampillo etal. 2018 | + | NA | NA | + + + + T
RamirezCampillo et al. 2018 | 7 | NA + + o + |1
Read etal. 2002| 7 | NA T o A |
SaezdeVillarreal Saezet al. 2008 | 1 NA | NA | 1 X X + T
Skurvydas et al. 2014 1 NA | NA | T X X + T
Skurvydas et al. 2018| 1 NA | NA | 1T X X + T
Wadden etal. 2012| 1T | NA | + T + x + T
Yancietal. 2017 | 1 + | NA | + + X + T

D1 = Randomization procesB1b = Timing of identification and recruitment of individual
participants in relation to timing of randomizatiddS = Period and carryover effe¢id2a =
Deviations from intended intervention: effect of assignment to interveBttn= Deviations
from intended intervention: effect of adhering to interventd®= Missing outcome daj®4
= Measurement of the outconi@5 = Selection of the reported resukt = High risk of bias

[ = S o0 me, +ctowaisk ofrbias NA = Not applicablea = RoB 2.0 forandomized

trials, b = RoB 2.0 for crossover trigls = RoB 2.0 for clusterandomized trials.
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Table 5. Risk of bias assessmesftnonrandomizediesigns

Study D1 | D2 | D3 | D4 | D5 | D6 | D7
Brown et al. 2014 + + + + + + ?
Cooper et al. 202( + + + + ? + ?

Dal Pupo et al. 201} + + + + ? 0 ?
Dias et al. 2021 + + + + + 0 ?
Fernandes et al. 204 x + + + ? 0 ?
Fitkas et al. 201( + + + + ? i ?
Hespanhol et al. 200  x + + + + + ?
Kamandulis et al. 201 x + + + ? i ?
Kamandulis et al. 201} x + + + + + ?
Kons et al. 2020 + + + + + + ?
Konstantopoulos et al. 204 + + + + ? + ?
Lazaridis et al. 201§ + + + + ? + ?
Marginson et al. 200} x + + + ? i ?
McNeal et al. 201( + + + + ? + ?
Miyama et al. 2004 + + + + ? + ?
Paulus et al. 202| + + + + ? W+ ?
Pereira et al. 201{ + + + + ? + ?
Satkunskiene et al. 2024 + + + + ? + ?

Skurvydas et al. 200] 1 + + + ? + ?

Skurvydas et al. 200] + + + + ? + ?

Skurvydas et al. 200] x + + + ? i ?

Skurvydas et al. 201| + 4 4 4 4 i ?

Skurvydas et al. 201| + + + + ? + ?

Tobin et al. 2014 + + + + + + ?

D1 = ConfoundingD2 = Selection of participant®3 = Classification of intervention®4 =
Deviations from intended interventioR5 = Missing dataD6 = Measurement of outcomes
D7 = Selection of the reported result= Critical risk of biag x = Serious risk of biast =

Moderate risk of biast = Low risk of bias ? = No information.
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3.6 Athlete characteristics

Prescribing plyometric trainingest periodsncluded, requires many factors to be
considered, some of which are related to the characteristics of an athlete for whom the training
program is intended. Gender might be one such factors, although current plyometric literature
focused on rest duratioma fatigue includes mainly malearticipants Nevertheless, our
literature search identified five studies that inclugaticipantf both genderéBrown et al.,

2010; Ducrocq et al., 2020; Konstantopoulos et al., 2021; Kramer et al., 2019; McNeal et al.,
2010) Oneof them reported no time x gender interaction for contact time, flight time, peak
eccentric force, time to peak concentric foraed muscle activatior{fMcNeal et al., 2010)
Another one observed no significant genddated differences in oxygen uptake, heart rate,
and blood lactate concentrati(Brown et al., 2010)The other three studies did not report any
data addressing the interaction between genders and plyometric ef{@ucszcq et al., 2020;
Konstantopoulos et al., 2021; Kramer et al.,, 20J®esumably because there were no
differences. On the other hand, although the current evidence shows that gender does not seem
to affect plyometric performance, we are not comfortable making such a generalization based
on only two studies that were pemieed under very specific conditions. Considering the
negative effects of fatigue on motor contfGhappell et al., 2008 ombined with the wealth

of literature indicating greater injury risk in the lower limbs of femé&srnitzky et al., 2016;
Montalvo et al., 2019; Prodromos et al., 2Q0udure research should be conducted to directly
compare the effects of gender on plyometric jump performance.

Age, on the other hand, seems to influence fatiguability during plyometric exercise
(Ftikas et al., 2010; Lazaridis et al., 2018; Marginson et al., 2@@5lies including fatiguing
plyometric protocols of 1(QFtikas et al., 2010; Lazaridis et al., 20B8)d 8(Marginson et al.,
2005)sets of 10 consecutive CMJs with-3Btikas et al., 2010; Lazaridis et al., 20480 60
secondgMarginson et al., 2005)f inter-set rest concluded that jumping performance in pre
pubescent boys was impacted significantly less than in adult Auhors of these studies
hypothesized that thisould bea result of lower muscle magkazaridis et al., 2018)more
compliant musculotendinous tiss{kgikas et al., 2010; Lazaridis et al., 2018; Marginson et al.,
2005) a higher distribution of slow type motor unjEikas et al., 2010; Lazaridis et al., 2018;
Marginson et al., 2005)ess strain per muscle fiber resulting from lower power output relative
to body masgMarginson et al., 2005)r higher levels of habitual activity which includes
hopping and jumping tasks and therefore greater adaption to plyometric exelaigenson

et al., 2005)n prepubescent children compared to adults. Furthernoore studyRamirez
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Campillo et al., 2019rompared the effects of plyometric training with either 80120
seconds of inteset resticros weekswith 2 sessions per weék pre- and posipeak height
velocity (~11 and ~15 years old, respectively) male soccer players. There were no significant
differences between long and short irget rest periods in the younger group. However, the
older group showed significantly greateprovements in all tests when using longer Hsietr

rest durations. Although the evidence supports the notion thdteniare less fatigable than
adults and have greater habitual activity that includes hopping and jumping, children are not
Abu-pkrebf o, and correct jumping and | anding
of plyometric training in children, aNvhile progressing training volume and intensity at
appropriate levels that do not exceed the abilities of the individaahson et al., 2011; Lloyd

et al., 2014)On the other hand, considering the fairly intense nature of plyometric training, the
same can be said of jumping technique, landing technique, and progression for adults,

especially those who are untrained.

Also training status seems to be an important factor influencing the amount of fatigue
accumulated during plyometric exercise. For example, elite-distgnce runners, elite
sprinters, and untrained individuals differed in their response to a singjeirigtiplyometric
protocol including 100 DJs from 40 cm with 20 seconds of Hrdpetition res{Skurvydas et
al., 2002) Although jumping performance, voluntary knee extension torque, and electrically
induced knee extension torque all significantly decreased immediately after the plyometric
session in all groups, the electrically induced knee extension torque decreaseith mner
untrained participants indicating greaterperipheral fatigue compared to their trained
counterpartsAdditionally, CMJ and DJ performance decreatess$in sprinters compared to
both untrainedparticipantsand longdistance runners, which suggesitat beside the training
status, also training specificishouldbe considered when creating the plyometric training
program. In this case, the drop height might be an important factor in explaining the difference
between the trained groups. Regular exposure to higher velocities and accelerations during
sprinting wouldprobably be more related to the performed tasknother studg lowvolume
plyometric session of 10 DJs from 60 cm with 10 seconds of-iepstition rest caused
significant decreasef subsequent jump height in untrainearticipantgMiyama & Nosaka,

2007) but the same volume of DJs increased jump height of elite male volleyball players,
thereby having a potentiating effézt-R. Chen et al., 2013Although, we need to be careful
when comparing these studies as the later used individualized drop height of either 20, 40, or

60 cm, determined as the height producing most favorable reactive strength index. Similarly,
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plyometric sessionincluding 50 rebound jumps caused performance potentiation in
plyometrically experienced professional rugby playéf®bin & Delahunt, 2014)but
decreased jumping performance in untrained (Weyama & Nosaka, 2007)n line with these
results, another study reported that highly trained men were able to sustain submaximal
continuous DJs from 30 cm for significantly longer time than moderately traine(Waelden

et al., 2012) However, the highly trained group involved onlypdrticipants Nevertheless,
training status and training specificity should be considered when interpreting plyometric
research as well as when designing a plyometric training program.

3.7 Within session considerations

Previous paragraphs outlined how athlete characteristics may influence programing
decisions for plyometric training. Furthermore, rest periods in relation to the rest of the
programing variables seem to notably influence jumping performance. It is iniptortaote
that not all exercise interventions used in research are practically applicable in training. Some
interventions are designed to mimic actual plyometric programs, but other interventions are
designed with the intention to study the effects ofytee and muscle damage caused using
intense plyometric exercises. Although we need to be cautious when interpreting the results of
these studies, they could help us understand how athletes react to extreme interplays of volume,
intensity, and rest periodwhen performing these tasks. One example of such fatiguing
protocols often used in research is 60 seconds of continuous CMJs, which has been shown to
cause significant decrease of multiple performance variables in recreationally trained adults
(Cooper et al., 2020xompetitive adult volleyball playe(slespanhol et al., 2007and elite
collegiate athlete@vicNeal et al., 2010)n fact, elite collegiate athletes were not able to sustain
high level performance after only 20 secor{tiécNeal et al.,, 2010)As such, precisely
manipulated rest periods could serve as a valuable tool for preventing detrimental effects of

fatigue when performing higher volumes of intense plyometric exercises.

Inter-repetition rest seems to play an important role in the amount of acute fatigue
resulting from plyometric exercise. Physically active adults experienced significantly
decreased peak and average relative oxygen uptake, time above 90% of maximal oxygen
uptake, average respiratory exchange rate, blood lactate concentration, and perceived exertion,
as well as increased mean jump height normalized to maximal jump fsightresult of
increa®d inter-repetition rest from -0to 1-, and 2seconds durindatiguing sets ofrepeated
CMJs(Kramer et al., 2019)Additionally, increasing the intaepetition rest by ~2 seconds
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in range of ~4 to ~8 seconds allowed physically active adults to perform significantly more
CMJs to failure defined as inability to reach 95% of maximal jump height in 3 consecutive
repetitions(Pereira, de Freitas, et al., 2009; Pereira, Morse, et al., . 280@)ver, another

study showed that intermittent jumps to failure with ¥.4.6 s of interepetition rest led to
significant decrease of jump heigird increase of contact time already +vedly (~ 40 jumps)
through the interventio(Pereira et al., 2014 ollectively, these results suggest that including
even extremely short inteepetition rest might significantly decrease acute fatigue resulting
from a single bout of plyometric exercise if the intee pet i t i on r €wrentlyi s O 8
only a single studynvestigateda chroniceffects of plyometric training performed either
continuously or with 46 seconds of interepetition rest in active men, but the results showed

no differences irperformance improvementsetween the two conditiondakaruk et al.,

2014) The trainingprogram in this studiasted 6 weeks and included 3 training sessions per
week The training volume wasquated between the two conditions #mekexercise intensity

was increased every wedkowever,it is important to note that 4 exercises per session were
performed, each for-8 sets of 3 repetitions with A minutes of inteset rest. As the applied
work-to-rest ratio was relatively modest, we would not expect this training prograause
significant fatigue. As such increased interepetition rest might be more valuable in
plyometric programs with higher physical demand. Similarly, the body of literature does not
show acute benef it srepatiion rest Hucatiogsdrr traifé@ividualss ) i nt
For example, a set of 30 volleyball spikes with 8 seconds of-riepatition rest caused
significant fatigue in experienced adult volleyball players, but-rgpetition rest of 14, 17,

and 20 seconds did n@®ereira et al., 2008Also, recreational adult weightlifters did not
experience any significant changes of jump height and vertical ground reaction forces as a
result of completind0 maximal DJs from individualized height (~60 cm) with 15 seconds of
inter-repetition res{Read & Cisar, 2001 However, both studies used low exercise volume

and trainegarticipantswvhich prevents generalization of these results.

Inter-set rest is another variable with a potential to influence fatigue resulting from
plyometric exercise. Longer intset resintervals(0-, 15, and 36secondsyuring a volume
equated (~180 jumps) plyometric sessionrgpeatedmaximal effort CMJs significantly
increased mean jump height and decreased peak oxygen uptake, average oxygen uptake, time
above 90% of maximal oxygen uptake, peak heart rate, and average heart rate in active adults
(Kramer et al., 2019But interset rest duration did not seem to affect the speed of recovery

assessed via average oxygen uptake and average heart rate measured after the cessation of the
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plyometric exercisegKramer et al., 2019)Furthermore no significant difference were
observedn serum creatine kinase activity and muscle soreness after the intervention including
4 sets of 10 DJs from 30 cm wiglither60- or 180-seconds of inteset rest in untrained men
(Eiras et al., 2009)Therefore, the most important use of irdget rest duration might be to
influenceo n eabilgy to sustain performanaethin asingle sessiarAdditionally, two studies
investigated effects of varying intset rest durations on training adaptations of youth soccer
players (~1615 years old) during 6 and 7 wekdng interventiongRamirezCampillo et al.,
2014, 2019)Thesestudies reported no differengbetween 39 60-, and 126seconds of inter

set rest in boys aged around-1D years. However, older (~15 yeapgrticipantsachieved
better training outcomes with intset rest of 120compared to 3@econdgRamirezCampillo

et al., 2019)A training studyincluding a cohort of aactive adultdor which the positive acute
effectsof manipulating intesset rest duratiomvere previouslydemonstratedKramer et al.,
2019)is missingthus far.

Set structure manipulation can be used to reduce acute fatigue during lower body
plyometric exercis¢Hespanhol et al., 2007; Moreno et al., 20E)r exampleyertical jump
height decreased significantly starting from the 6th repetition during 2 sets of 10 continuous
CMJs with 90 seconds intset rest in trained me(Moreno et al., 2014)However, no
significant performancedecrease was seen when the total volume and rest duration got
redistributed into 5 and 2 jumps per set with 83d 10seconds of inteset rest, respectively
(Moreno et al., 2014 5imilarly, 4 sets of 15 seconds continuous CMJs resulted in significantly
more jumps and higher mean jump height compared to a singlec®dd set in male volleyball
players(Hespanhol et al., 2007l practice, these two studies indicate that changing the set
structure either by rest redistribution or splitting the total volume into smaller sets, seems like
a beneficial strategy to reduce acute fatigue. However, this had not yet been showrabenefici
during a plyometric training interventio@nly one study included in this review attempted to
compare effects of traditional (5 sets of 20 repetiticarg] cluster set(5 sets of 2 x 10
repetitions)structuregluring 6 weeks of plyometric training istave adultfAsadi & Ramirez
Campillo, 2016) The trainingorogramincluded repeateBJs performed twice per wkevith
constant training volume and intensity throughout the study. The total rest time was equated
between traditional (120 seconds between sets) and cluster set groups (90 seconds between sets
and 30 seconds between clusters). Both groups significamlyiwed CMJ and standing long
jump performance with no significant intgroup differenceAlthoughit is possiblethat the

rate of improvement wagreaterfor oneof thegrougs, this canrot be determined dhis study
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included only preand postintervention testing. Additionallygs mentioned aboyas little as

6 continuous CMJsancausea significant decrease giimping performance in trained men
(Moreno et al., 2014Wwhich issupported by other stigéshowing significant decrease of jump
height and increase of ground contact time occurring betwBean8 8" jump in male
volleyball and basketball playeperformingcontinuousmaximum effort CMJ¢Dal Pupo et

al., 2013)and jump height decreasing by 13.5% within first 10 CMJs performed by male
volleyball players at a rate of 33 jumps per min{Raulus et al., 2021 herefore, future
research shoulcbnsideiincluding cluster sets containing smaller number of repetitions as well

as performingnore frequent testing to detect rate of adaptation.
3.8 Fatigue compensation

Although neuromuscular fatigue is bound to ensue at some point during repeated
jumping, athletes might be able to compensate for the initial onset of fatigue to sustain maximal
jump height. In one study, vertical jump height decreased after 200 drop, joaigsgne to
peak power, eccentri@nd concentriphase duration, mean force, rate of force development,
and eccentric peak power showed significant changes after only 50 repetitions without any
significant decrease of jump heigiatkunskiene et al., 202Ihis indicates that changes of
jump technique might occur as a result of increasing fatigue way before it is no longer possible
to sustain the maximal jump height. Strength and conditioning coaches should consider this
when planning and monitoring plyoinie training of their athletes. Also, it might be beneficial
for researchers to include additional kinetic and kinematic parameters beside jump height when

studying interaction between jumping tasks and fatigue.
3.9 Postexercise recovery

The speed of recovery following the plyometric exercise is important for planning
consecutive training sessions. Eleven studies investigated the recovery speed of knee extension
MVIC for 24 hours or more post plyometric interventi¢@hatzinikolaou et al., 2010;
Kamandulis et al., 2016; Marginson et al., 2005; Miyama & Nosaka, 2004a, 2004b, 2007;
Satkunskiene et al., 2021; Skurvydas et al., 2000, 2006, 2011, golg¥ive of these studies
however, included long enough follewp duration to see the strength performance recovered
to preintervention valuegMarginson et al., 2005; Miyama & Nosaka, 2004a, 2007; Skurvydas
et al., 2011, 2018)ut of the five studies, onlyne compared speed of recovery between two

age groups, wher@varginson et al., 200pye-pubescent children recovered within 48 hours
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after 8 sets of 10 continuous CMJs with 1 minute of is&drrest however, prformance of

adult men was still significantly decreased 72 hours after the intervéMenginson et al.,

2005) The rest of the studies included only untrained or physically active adults whose knee
extension MVIC performance recovered withiddy (Miyama & Nosaka, 2007; Skurvydas et

al., 2018) 4 days(Miyama & Nosaka, 2004ajand 14days (Skurvydas et al., 2013fter
fatiguing plyometric exerciseHowever, 1 day of rest was sufficient f@covery ofMVIC

force after 10 DJs from 60 cm, bBitdays were insufficient for full recovery followirtgsets

of the same exercigiyama & Nosaka, 2007)rhis highlights the large effect that training
volume has on the amount of time needed for recovery. Furthermore, not only does the training
volume affect recovery time, but the training surface does as well. For exdnualgs were
enough to see futkcoveryfollowing 5 sets of 20 DJs from 60 cm performed on sand, but not
when performedn a wooden surfag®liyama & Nosaka, 2004alJnusually great differences

in recovery time had between reported two studiesexploring effects of identical
interventions (50 DJs from 50 cm with countermovement to 90 degrees of knee angle with 30
seconds of interepetition rest) on samples of similar training status, age, gender, height, and
weight (Skurvydas et al., 2011, 2018)ne of thesestudes reported full recovery of knee
extension MVICas soon a4 hours after the interventigBkurvydas et al., 2018)vhile the

other reported MVIC to be significantly decreased 7 days after the intervention and fully
recovered on day 14Skurvydas et al., 2011)rhis discrepancy could be caused by a
confounder variable such as differences in daily activities between the two gralifferert
follow-up measurement time point®ne study measured knee extension immediately and 1
day after the interventiofSkurvydas et al., 2018Wwhile the other onemeasuredVIC
performance a2 minutes, 3 days, 7 days, and 14 days after the intervetkomvydas et al.,
2011) Howeverto explain observed discrepancitgeere would need to be an initial recovery

to baseline values followed by the secondary significant decrease of performance Hetween
and 3 dayg afterthe intervention. Although, we do not know if that could have been the case

based on the results.

Muscle soreness of knee extensors was evaluatetebgnstudies(Chatzinikolaou et
al., 2010; Fernandes et al., 2020; Kamandulis et al., 2016; Kons et al., 2020; Miyama & Nosaka,
2004a, 2004b, 2007; Satkunskiene et al., 2021; Skurvydas et al., 2006, 2018; Skurvydas,
Kamandulis, & Masiulis, 201@ndfive studies evaluated lower extremities as a wiiDlias
et al., 2022; Eiras et al., 2009; Kamandulis et al., 2019; Marginson et al., 2005; Skurvydas et

al., 2002) All 16 studies reported significantly increased muscle soreness at some point during
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thefollow-up period after a plyometric intervention. This could be related to the novelty of a
plyometric stimulus as all includeplarticipantswere either untrained or unaccustomed to
systematic plyometric training. Nine studies included follow up period equal to or longer than
72 hours during which muscle soreness was assessed at least on 3 o{Casitznskolaou

et al., 2010; Dias et al., 2022; Eiras et al., 2009; Kamandulis et al., 2019; Marginson et al.,
2005; Miyama & Nosaka, 2004a, 2007; Skurvydas et al., 2006, 20é3e studies reported
peak muscle soreness between 24 and 48 hours after intervention. Five studies reported full
recovery within the followup period which occurred at 4@Varginson et al., 2005; Miyama

& Nosaka, 2007)72- (Dias et al., 2022)96- (Chatzinikolaou et al., 2010and 168hours
(Kamandulis et al., 201®ostintervention. The differences in the recovery durations might be

to a certain extent explained by differencesparticipantcharacteristics and intervention
parameters. For examplejuscle sorenesfully recovered 48 hours after 8ets of 10
consecutive CMJs with 1 minute of inteet restout only in prepubescent boys but not in
adults(Marginson et al., 2005As mentioned abovere-pubescent age group tends to be more
resistant tdatigue from plyometric exercise compared to adWwhstrained adultsn amother
studyalsoneeded8 hours torecover following 10 DJs from 60 cbut the muscle soreness
was only reduced by ~50% in 72 hours when performing 5 sets of this protocol with 1 minute
of inter set resfMiyama & Nosaka, 2007)On the other handlifferent studyreported full
recovery of adult men 72 hours after 5 sets of 20 DJs from 50 cm withu2esof inter-set

rest, but their training status was probably higher as inclusion required performing at4east 3
weekly resistance and aerobic training sessions for 6 months preceding the intefiz@agon

et al., 2022)Similarly, strength and endurance trained men reached full recovery 96 hours after
5 sets of 10 hurdle ardd drop jumps from 50 cr{Chatzinikolaou et al., 2010} astly,muscle
soreness level returned to baseline Brd@y after 100 DJs from 40 cm with 20 seconds of
inter-repetition rest iruntrained women, buhere wereno data collected betweeff and '

day of followup (Kamandulis et al., 2019)Therefore,the exact point of recoverng not
possible to identifyOverall, tie level of muscle soreness following a fatiguing lower body
plyometric exercise seems to be largely influenced by the biological age and training status of
an individual,peakng around24 to 48hours posexercise, and depending on the volume of

work performed diminishing between 1 to 4 days f@&rcise.

Creatine kinase activity, which is often used as a marker of muscle déBnageaccio
et al., 2007)was reported to be significantly elevated at some point betweem@4 2hours

after a plyometric intervention by alhcluded studies which measured this parameter
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(Chatzinikolaou et al., 2010; Dias et al., 2022; Eiras et al., 2009; Fernandes et al., 2020;
Kamandulis et al., 2016; Miyama & Nosaka, 2004a, 2004b, 2007; Satkunskiene et al., 2021;
Skurvydas et al., 2006, 2011, 2018; Skurvydas, Kamandulis, & Masiuli§; 3kurvydas,
Kamandulis, Stanislovaitis, et al., 20103even studies included at least 3 follewp
measurements covering at least 48 hours after the intervé@iatzinikolaou et al., 2010;

Dias et al., 2022; Eiras et al., 2009; Fernandes et al., 2020; Miyama & Nosaka, 2004a, 2004b,
2007) Peak concentrations were reported at (ras et al., 2009; Fernandes et al., 2020;
Miyama & Nosaka, 2004a, 2004b, 20@)d 48hoursafter the interventioChatzinikolaou

et al., 2010; Dias et al.,, 202Z)here is a possible influence of training status as studies
reporting peak concentration at 48 hours after the intervention included tpairtieipantsn
contrast to the other four studies which characterized thaiticipantsas untrained.
Additionally, studies reporting sooner creatine kinase peak included lower total @uase

et al., 2009; Miyama & Nosaka, 20Q0Tpwer intensity(Eiras et al., 2009; Fernandes et al.,
2020) and longer interepetition res{Miyama & Nosaka, 2004a, 2004thich could also

play a role. The return to baseline levels was reported-gFé8randes et al., 2020; Miyama

& Nosaka, 2007)72- (Miyama & Nosaka, 2004aand 98hours(Chatzinikolaou et al., 2010)
postintervention. Possible factors influencing the quicker recovery could be the lower exercise
volume(Miyama & Nosaka, 20079nd intensityFernandes et al., 2020)/e would expect to

see quicker recovery in the studgporting full recovery after 98 houes the intervention
includeda lessdemanding worko-rest ratio and the training status of therticipantswas

higher compared to the other three studies. On the other thégdtudyreported the lowest
baseline and peak concentrations, rate of increase, anéhiditédual variation out of the four
studies(Chatzinikolaou et al., 2010As such, we hypothesize that these results might be
influenced by an interplay between training status, training specificity, measurement methods

used, and possibly other gendtieorge et al., 201@)r lifestyle related factors.

Blood lactate concertation, often used in exercise as an indicator of disrupted
physiological equilibriun{Goodwin et al., 2007was measured by 8 studies out of which all
reported significantly elevated levels after a plyometric interveniignown et al., 2010;
Ducrocq et al., 2020; Kramer et al., 2019; Miyama & Nosaka, 2007; Pereira et al., 2008;
Skurvydas, Kamandulis, & Masiulis, 2010; Skurvydas, Kamandulis, Stanislovaitis, et al., 2010;
Wadden et al., 2012)t seems that decreasing intepetition rest duration during plyometric
exercise results in significant increases of blood lactate concent(Biimnocq et al., 2020;

Kramer et al., 2019; Pereira et al., 2008)wever, the same effect was not shown for ia&tr
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rest(Kramer et al., 2019)Four studies measured the blood lactate concentration during the
recovery after the exercise, but neither of them used long enough-fglgeriod (10 to 60
minutes) to see the full recovery to baseline le(tewn et al., 2010; Skurvydas, Kamandulis,

& Masiulis, 2010; Skurvydas, Kamandulis, Stanislovaitis, et al., 2010; Wadden et al., 2012)

3.10 Repeated bout effect

When studying the effect of fatiguing plyometric exercise, the researchers must select
a group ofparticipantsand introduce them to their intervention. Some interventions are very
similarto what theparticipantdace in their regular traininothersgreatlydiffer from the usual
training stimulus. Additionally, every plyometric intervention, even those that are routinely
used in training practice, would be novel for untraipadicipantsand probably also for trained
participantsif plyometrics were nbpart of their training routine. Therefore, we must stay
cautious when interpreting the results of studies that observe the effects of a single plyometric
sessiornas multiple repetitions of such stimulus will likely lead to different outcomes. This
effect, known as repeated bout effect, had leegatoredin six of the included studig®ias et
al., 2022; Kamandulis et al., 2016; Miyama & Nosaka, 2004b, 2007; Paulus et al., 2021,
Skurvydas, Kamandulis, Stanislovaitis, et al., 20E0e sets of 20 DJs from 50 cm with
countermovement to 90 degrees of knee flexion led to significant decrepsepoheight,
increased muscle soreness, and increased creatine kinase concentration in trained men
unaccustomed to plyometric exerc{eas et al., 2022However, thesame stimulus repeated
after 14 days of restid not cause any significant chasgd these parameteromparedo
baseline Another study reported similar response to 5 sets of 10 DJs from 60 cm in untrained
men repeated twice with 14 days of @dtyama & Nosaka, 2007 he authorslso included
the second group which performed only one set of 10 DJs during the first session followed by
5 sets after 14 days. Interestingly, the results showed similar reduction of negative effects of
the second plyometric session in both grouxsother threeof the mentioned studiealso
observed significant positive effects after repddatiguing plyometric protocols with-3
(Skurvydas, Kamandulis, Stanislovaitis, et al., 2080fMiyama & Nosaka, 2004bjand 28
days (Kamandulis et al., 2019f interday rest. The observed benefits includeduced
muscle sorenefisamandulis et al., 2019; Miyama & Nosaka, 20Q4a3ter recovery of knee
extension torquéKamandulis et al., 2019; Skurvydas, Kamandulis, Stanislovaitis, et al.,,2010)
faster recovery of vertical jump performarfbliyama & Nosaka, 2004bandreduced increase
of creatine kinase concentratigiMiyama & Nosaka, 2004b; Skurvydas, Kamandulis,
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Stanislovaitis, et al., 2010However, one study reportatiat competitive male volleyball
players experiencesimilar ratesof decreasingump height duringg0 CMJs witha jump
frequency of 33 jumps per minyfgerformed on two occasions separated by 7 (Rgslus et

al., 2021) Based on theseesults, coaches should expect to see faster recovery when novel
plyometric exercise is repeatbg untrained or inexperienced individuals but not necessarily

in individuals already habituated to systematic plyometric training
3.11 Between session considerations

Training frequency and intefay resicould alsadbeveryimportant for managment of
cumulative fatigue resulting from plyometric training. Five of the included studies investigated
impact of training frequency on plyometric training outcotfig2anchi et al., 2018; Bouguezzi
et al., 2020; Ramire€ampillo et al., 2018; Saez de Villarreal Saez et al., 2008; Yanci et al.,
2017)out of which, thregBianchi et al., 2018; Bouguezzi et al., 2020; Ram@ampillo et
al., 2018)reported significant improvements of explosive strength, linear speed, agility, and
endurance after sheterm plyometric training, but with no significant differences between 1
and 2 training sessions per waelprepubescent (~12 years) male soccer plag@osiguezzi
et al., 2020)elite youth (~17 years) male soccer play&isnchi et al., 2018)and regional
level adult (~21 years) female soccer playBamirezCampillo et al., 2018)That is both with
(Bouguezzi et al., 2020; Ramir€ampillo et al., 2018and without(Bianchi et al., 2018)
equated weekly training volume. On the other hand, plyometric training program without
equated training volume performed twice per week was more effective than a single weekly
session and equalbseffectiveas4 weekly sessions in improving vertical jump and maximal
strength of lower extremities in physically active male college stu¢®aexz de Villarreal Saez
et al., 2008)Furthermore, 6 weeks of volume equated plyometric training resulted in no change
of jump heightin competitive adult male futsal players performing one training session per
week, but two weekly sessions led to significantly decreased perforif¥anua et al., 2017)
However, this might be partially explained tne interferenceffect resulting from concurrent
high-volume technical and tactical training in combination vexitensiveplyometric training
experiencef the includedarticipants

Inter-day rest duration was investigated by two of included studfesadi, 2015;
RamirezCampillo et al., 2015)One reported no differences in performance improvements
between the 24and 48hours of interday rest in youth soccer players (~14 years) after 6 weeks

of plyometric training performed 2 times per wg@amirezCampillo et al., 2015)On the
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other hand, a training intervention of the same duration and training frequency led to
significantly improved sprinting and agility performance when using@pared to 4&ours

of interday rest in active collegiate studerfssadi, 2015) Postexercise fatigue could be
possible explanation of éiseresultsas smilar interventiors shown to cause acute fatigue
lasting a few days after plyometric sessi@ias et al., 2022; Miyama & Nosaka, 2004a,
2004b) Therefore, the interventions weskallengingenoughto expectbenefits of extended
rest On the other hand, the pestercise fatigue could to soragtentmitigate negative effects

of inter-dayfatigue,butrelativelyshort duration of these plyometric programs (6 weeks) might
not be enough to allow theerformance changes to emergerthermorethe link between age,
training statusand fatigue resulting from plyometriexercisecould also play a role in
presented resultslowever, it is noyetpossible to recommend any specific training frequency
or interday rest based on the current body of research.

3.12 Conclusions

Based on the available literature, it seems that required rest duration is dependent on
the age and training status of the athlete. For example, untrained and unexperienced individuals
require longer rest periods than trained individuals, except for ehildvho are presumably
untrained in terms of structured training. However, children may be exposed to greater
plyometric volumes as part of their habitual activity and (un)structured play, which may also
be a point to consider in practice and in futurseegch. Opposed to age and training status,
gender does not seem to significantly influence the fatigue resulting from single plyometric
session. Furthermore, manipulating irtepetition rest, inteset rest, and set structure seem
promising in reducinghe effects of fatigue from physically demanding plyometric sessions.
Although, the benefits will likely be highly specific to different contexts. On the other hand,
programing unnecessary long rest durations to avoid fatigue might result in significantly
increased traininglurationwhich could be spent more productively. Novel or excessively
demanding plyometric sessions have been shown to significantly reduce knee extension MVIC
and increase muscle soreness, creatine kinase activity, and blood lactate concentration, with
full recovery usually occurring within 7 days after the exercise. The recovery time seems to
greatly depend on interaction between athlete characteristics and parameters of performed
plyometric session (g, training volume, training intesity, specific exercises). However, the
repeated bout effect and therefore decreased recovery time has been shown after repeated

exposures to plyometric stimuli. A few studies investigated effects of training frequency and
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inter-day rest on short term plyometric training outcomes. However, no conclusive
recommendations could be provided yet. Further research in this area would be desirable to
help answer many arising questions and provide guidance for effective applidatighio

and between session rest periods in plyometric training. It is true that the work done so far
could provide a solid foundation for further research of these topics, but some frequent
limitations should be addressed. For example, the high preeaténmtrainegarticipantsn

acute studies limits the application of the findings to populations usually involved in plyometric
training. Additionally, arm swing is frequently limited in research which is not usual in
plyometric training without added resistance, as restrictingathes would greatly reduce
training specificity. Furthermore, studies often include short fellipyperiods which may not

allow full recovery to be observed after the intervention. Finally, many studies could not be
included inthis review because the rest period length was not specified. Therefore, rest period
duration should become standard parameter included in the methods sections of future

plyometric studies.

4 Factors affecting restduration requirements: An update to the original systematic

literature review

Since researclon rest periods in plyometric training is contally evolving we
performed anupdatedsystematic literature search on Janud¥y 2024, to identify the most
currentinformation in this field. Tis searchargely mirroredthe original searchréfer to the
initial parts of the previous chaptésr methodological detai)s differing only in applied

publication yearestricion which was setb include studies publishécbm 2021 onwards.
4.1 Search results

The literature searchcrossfour databases identified a total &fL13 studies.After
removing duplicates and screening for eligibilitgven studies met our inclusion criteria
Backward citation searching of the eligible studigbnot yieldany additionakligible studies.

Figure2 providesa flow chart oftheliterature search process.
4.2 Characteristics of included studies

A total of 191participants(187 males and 4 femalesgre involvedin the included studies.
One study includegarticipantof both sexe¢Ridard et al., 2022Wwhilethe rest included only
male participants One studyincluded onlyyouth participants(HernandezVartinez et al.,
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2023) and theremaining studiescluded only adulparticipants Five studies classified the
training status oparticipantsas physically or recreationally actiyBal Pupo et al., 2021;
Kamandulis et al., 2022; Knihs et al., 2022; Moghadam et al., 2023; Ridard et al.a3@d22)
two as competitive aridr trained(HernandezMartinez et al., 2023; Wannop et al., 2023)
Three studies used a withsubject desigiiDal Pupo et al., 2021; Hernandelartinez et al.,
2023; Moghadam et al., 2028)reeuseda betweersubjects desig(Knihs et al., 2022; Ridard
et al., 2022; Wannop et al., 2028nhdonestudy reported two experimenising bothwithin-
and betweersubject desigrfKamandulis et al., 2022 ables 6 and 7provide overviews of

participantcharacteristicandsummay of experimental protocols and outcomesspectively

Figure 2. Flow chart oftheliterature search process.

( Identification of studies via databases ) ( Identification of studies via other methods )

= Records identified from

8 databases (n = 3,113): Records removed
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4.3 Risk of bias assessment

The risk of bias was assessed usingtmemethodastheoriginal review Fourstudies
were assessed using RoB 2.0 tool for randomized (sl Pupo et al., 2021; Hernandez
Martinez et al., 2023; Kamandulis et al., 2022; Moghadam et al., 2/#3)sing RoB 2.0 tool
for crossover trialgkamandulis et al., 2022andthreeusing ROBINSI tool (Knihs et al.,
2022; Ridard et al., 2022; Wannop et al., 2023)wever, me of the included studies
(Kamandulis et al., 2022gportedresults oftwo separate experiments from which one was
assessed using RoB 2.0 tool for randomized trials and another one using RoB 2.0 tool for
crossover trialsOut stu¢y wasassessed for bias due to randomization process, only one was
judged as low riskKamandulis et al., 2022)while threeincluded some concerrdue to
missing details abouiherandomization method araboutconcealing the allocation sequence
(HernandezMartinez et al., 2023; Kamandulis et al., 2022; Moghadam et al., Z2D@8)study
was judged as high rigkue to conceling betweergroup differences at baseli(ial Pupo et
al., 2021) The single crossover study included was judged low riskifsr due to period and
carryover effect¢Kamandulis et al., 202ZJwo studies were considered high risk bias due
to deviations from intended interventiofi3al Pupo et al., 2021; Moghadam et al., 2028)
concers regarding control of important neprotocol interventionsn both casesConcerns
about possiblenissing outcome dataesepresentn six studiesdue toinability to confirm data
availablity for all or nearly all participantéDal Pupo et al., 2021; Hernandstartinez et al.,
2023; Kamandulis et al., 2022; Knihs et al., 2022; Moghadam et al., 2023; Wannop et al.,
2023) High risk of bias due teoncerns regardingutcomemeasurementas presenin one
study(Moghadam et al., 202®ecause measurement instrument with poor reliability which
is unlikely to be sensitive to plausible intervention effédtsndheld stopwatchwas used to
measure linear and change of direction speed performaficecluded studies had some
concerns regarding tlselection of reported ress)fs analysis according ppespecified plas
could not be confirmed. Three domains were assessed only ferandomized studies:
confounding, selection of participants, and classification of interventmusd werejudged
to be of low risk.The full risk of bias assessment regatepresented in Tables 8 and 9.
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Table 8. Risk of bias assessments of randomidesigns

Study D1 | DS |D2a|D2b | D3 | D4 | D5

Dal Pupo et al. 2022| x NA | 1 X T + T
HernandezMartinez et al. 2023 | 1 NA | 1 + T + T
Kamandulis et al. 2022 (experimenfl 1 + T + T + T
Kamandulis et al. 2022 (experimentdlf + NA | 1 + T + T
Moghadam et al. 2023 1 NA | 1 X T X T

D1 = Randomization proces®S = Period and carryover effect®2a = Deviations from
intended intervention: effect of assignment to interveni@b = Deviations from intended
intervention: effect of adhering to interventjo®3 = Missing outcome dajaD4 =
Measurement of the outconi#s = Selection of the reported resukt = High risk of bias 1
= Some concernst = Low risk of bias NA = Not applicablea = RoB 2.0 for randomized

trials, b = RoB 2.0 for crossover trials = RoB 2.0 for clusterandomized trials.

Table 9. Risk of bias assessment of Aa@ndomizediesigns

Study D1 D2 D3 D4 | D5 | D6 | D7

Knihs et al., 2021 + A A A ? A ?

Ridard et al., 2023 + + + + + + ?
Wannop et al., 202} + + + + ?

D1 = ConfoundingD2 = Selection of participant®3 = Classification of intervention®4 =
Deviations from intended interventioR5 = Missing dataD6 = Measurement of outcomes
D7 = Selection of the reported resul = Critical risk of bias x = Serious risk of biasi =

Moderate risk of bias+t = Low risk of bias ? = No information.

4.4 Synthesis and discussion thfe outcomes

The studiesncluded in tls updatedo notmeaningfullyexpand oumuunderstanding of
the relationship betweeathlete characteristicsest intervalsand fatigability inlower body
plyometricsdue to highhomogeneity inage, gender, and training statustbé research
samples. All except one study included exclusively male participantihe single mixed
gender study did na@xplor effectsof gender(Ridard et al., 2022)

Delayed onset muscle sorendsss beershown to occur approximately 24 hours

following fatiguing plyometric exercise untrained or unaccustomed individugdemandulis
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et al., 2019; Skurvydas et al., 200Zwo recent studiegxaming delayed onset muscle
sorenessnd decreased leg strendttiowing fatiguing plyometric activity(Dal Pupo et al.,
2021; Kamandulis et al., 2022 high intensity interval protocahcluding6 sets of 36second
continuous CMJs witta 1:6 worlkto-rest ratio resulted in significant muscle soreness in
guadricep, hamstring, and calf musclastinguntil the end of the followup period 48 hours
postintervention(Dal Pupo et al., 2021)The samestudy reported significantdecreasen
concentric and eccentric torgurekneeextensas andflexors for the entire48-hourfollow-up
period. These negative effects were more severe compared itientical running protocol
possibly due to greater muscle damage from higher vertical ground reaction forces associated
with jumping. These resultslign with previous studies showing similar muscle soreness and
significantdecreasgin isometricknee extensor strength 48 hours after 2 sets of 50 continuous
CMJs (Skurvydas, Kamandulis, & Masiulis, 201@ndwith outcomesndicating thainterval

DJ exercisegproduas similar cardieventilatory stimulus butgreater peripheral fatigue and

guadricepsactivation compared to interval runnifigucrocq et al., 2020)

Another study investigatedechanisraresponsible fodelayed onsanusclesoreness
by requiling participantdo perform 5Js witha countermovement ta90-degree knee angle
with either20 seconds or 5 minutes of inrt@petition res{Kamandulis et al., 2022)Five
minutes of interrepetition rest, represents much longer rest duration compared to similar
studiegKamandulis et al., 2019; Satkunskiene et al., 2021; Skurvydas et al., 2011 t2i818)
was expectetb allow restoration of intrinsic spatial structures and function ofcantractile
muscle proteinsThe study reported significantly increased muscle sorenessnoeatk2448
hourspostinterventionfor both rest intervalsvith lowermuscle soreness following the laerg
rest duration.Furthermore, imilar decrease in voluntary and higHrequency (100 Hz)
electrically stimulateisometric knee extensidorquewere observedfter bothprotocols but
shorter rest duration led tmore severe and longksing decreasein low-frequency(20 Hz)
torque This suggests that mechanical damaige skeletal muscleextracellular matrix
components playan important role in development and recovery of delayed onset muscle

sorenesgKamandulis et al., 2022)

A similar methodological approach was usedanother study where participants
performed 100 DJs from 45 cm withcountermovement ta 90-degree kneangleand 15
seconds of interepetition rest followed by additional sets of 20 DJs until electrically
stimulated isometric knee extensiglateauedRidard et al., 20225ignificant low-frequency

fatigue anddecreased maximal isometric strength of knee extensems reportedyith no
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associated central drive impairmemhese resultsupportpreviousfindings (Kamandulis et
al., 2019; Skurvydas et al., 2018emonstrating the feasibility 6&ld testing ina moresport

specific environment.

Two studies investigated acuperformancechanges in responge fatiguing lower
body plyometric protocsl(Knihs et al., 2022; Wannop et al., 202@nereportedpeak and
mean power outpub bereliable and sensitive metsitor detectingsmallperformancehanges
and monitoing acute fatiguewhile jump height was less sensiti{ienihs et al., 2022)The
otherstudyanalyzdfatiguerelated changds ankle, knee, and hip joitviomechanics during
repeated maximal effort jumps to failushowing significant reductions in hip and ankle joint
power and energy, mitigated by increased knee joint pdWannop et al., 2023)These
findings supporthe concept dfatigue compensatidinom theoriginal literature review, where
subtle adjustment® jumping technique sustajperformance despite early onset of fatigue.
Therefore making jump heightiess sensitive compared to power output and other jump related

performance variables.

Two shortterm plyometric training interventions wegdso included (Hernandez
Martinez et al., 2023; Moghadam et al., 20Z3hestudycompared three different cluster set
configurations (1§ 20, and 30second of intecluster rest) with traditional set configuration
over six weeks finding significant increases in various anthropometric and performance
metrics in all conditions, with only differences in rating of perceived exertion favorian2i
30-second cluster sets over-88cond cluster and traditional s@ioghadam et al., 2023)
These outcomes resembilensignificant differences in outcomes following 6 weeks of cluster
and traditional set traininfom the original literature review(Asadi & RamirezCampillo,
2016) The other study compard plyometric training frequencieswith equated training
volumes in volleyball playerdinding no differences between one and two weekly sessions,
both outperforming traditional technical volleyball train{iternandezaMartinez et al., 2023)
These outcomes confirnprevious findings regarding shoterm training frequencies
(Bouguezzi et al., 2020; Ramir€ampillo et al., 2018)

In conclusion, this literature review update does prowvide any definitiveanswes
regarding optimal applications of rest periods in lower body plyometric training. Hovilever,
confirms previous findingsandexpand on existing concepts offering importantinsightsfor
futureresearchThe continuous interest in this togicggests the relevance of the practical part

of this dissertation thesis, which aims to contribute valuable information to this field.
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EXPERIMENTAL PART

5 Primary and secondary hypotheses

Based orthe systematic review of available literattine primary hypothesis had been
formed, statingthat shorter interepetition rest would result in significantly greater
performance detriments with earlier onset during a set of maximal effort repeatesi CMJ
compared to conditions with longer inrt@petition rest durations. Furthermos@prterinter-
repetition rest would likely result igreater physiological response, larger subjective exertion

andslower postexercise recoverthan longer interepetition est.
Additionally, threesecondary hypotheses were formed

Firstly, it washypothesized thd@J will result in significantly less impact fortean HJ
and CMJ, and that BJ and HJ would result in significantly greater countermovement depth in
an effort to maximize the propulsion time in response to the need of overcoming an obstacle
which would lead to greater ground reaction forceacentric velocitiesand concentric power

compared to the CMJ.

Secondly, it was hypothesized that jhmp variation with higher landing height (BJ)
and consequently producing lower impact forces upon landing would resutsignificant
decreasef concentric performandground reaction forces, velocity, power, and jump height)
across a set of repeated maximal effort jumps. On the other hand, it was hypothesized that
decrease of concentric jumping performance will occur when using jump variation with higher

impact forces (HJ).

Finally, we hypothesized thathe anthropometric and performance characteristics of
our experimentakamples wuld be significantly correlated with their jumping performance
and thedecreasé jumping performance during a setff continuous CMJ$Specifically, we
anticipatedhatbetterperformancen all three jump typemeasured in the firgtata collection
would be associated with lowerlevels ofbody fatpercentageAdditionally, we expected to
find asignificant negative correlatiomith greater body weight antb significant relationships
betweenthe rest of the anthropometric parametansl the variables describing jumping
performanceFurthermorewe predicted that individuals and subgroups with higher levels of
maximal strength, a less steep back squat-V@dakity profile, lower SJ, CMJ, and DJ
performance, as well as higher jump fpamance potentiation resulting from

countermovement, would demonstrate grefegue resistance, more efficient recovery, and
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lower subjective exertioduring and after the set of continuous CMJs perforiméige second

data collection

6 Methodology

A crossoverrepeated measures design was used in this tHBEss.distinct data
collections were performed to gather the data necessary to answer research questions related to
the aforementioned research problem.

6.1 Participants

The required sample sizes for both parts of data collection were calculated via a priori
power analysis using G*Powé&:1 (RRID:SCR_013726G-Power, Brunstittel, Germany.
The results of the power analysis indicated 19 participants to be required for the first data
collection (effect size = 08 U err. probib =2r0. 0OproPower Q]
participants for the second part of data collection (effect size =(Kt20ner et al., 2019;
Pereira, de Freitas, et al., 2009; Pereira et al., 2008; Pereira, Morse, et al.J2009rob.=
0.05; Power (b er r . p rTo folfill these reduire®énts and to account for a possible
drop-out of participants during the data collection processartl16 healthy, recreationally
trained, universityaged merwere recruitedo participate in the first and second partod
data collection, respectivelll participants had to meet the following inclusion criteria: a)
valid certificate from sport physician clearing the individfgalparticipating in sport related
activities; b) previous experience with strength training and plyometric training; c) back squat
1RM greater than participantodés own bdey wei @
vertical jumps and squats with barbell; e) ability to perform squats to the depth in which
participantdés femur bone is parallel to the
postinjury/postsurgery rehabilitation for at leastndonths prio to enrolling in this data
collection; g) absence ahfectious, asthmatic, cardiovascular, and musculoskeletahses
In total, hree participantdid not complete the data collectiddne participaninvolved in the
first data collectiondiscontinued higarticipationdue to personal reasons unrelated to the
experiment Furthermoretwo participants were excluded from the second data collection due
to not meeting theninimal required lower body strengémdfailing to complete all parts of
the experiment aftereachingprematurevolitional failure during one of the experimental
protocols, respectivelyl herefore, 20 and 14 participants were included in the final analysis of
the first and second part of the data collection, respectivdlyparticipants regularly
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participated insports(soccer, basketball, handball, martial arts, track and field, cycling, and
weightlifting) but did not compete in these sports profession@laracteristics of included
experimentalsampls are presented in TablE. Figure 3 depicts back squat loaclocity

profiles of individual participantancluded in the second data collection

Table 10.Characteristics aéxperimentasample.

First data Seconddata
collection collection
n 20 14
Age (years) 25.17+ 3.48 25.50% 3.47
Body height (m) 1.80+ 0.04 1.82+ 0.08
Body mass (kg] 80.00+ 7.82 85.15+ 10.76
Body fat (%) 11.46% 2.72 10.48+ 5.58
Squat jumgheight (m) | 0.46+ 0.04
Countermovement jumipeight (m) 0.41+ 0.06 0.50+ 0.04
Drop jumpheight (m) | 0.49+ 0.04
Reactive strengtindex 2.35+ 0.60 |
Back squat AP i -0.009+ 0.002
Absolute back squat 1RM (kg | 132.18+17.72
Rel ative back'™)s i 1.57+0.22

1RM = one repetition maximuraVP = loadvelocity profile.

All participants received a detailed explanation of experimental procedures prior to
participating inour experimentand provided written informed consent, which was approved
by the universityds ethics committee (188/ 208
to their normal dietary and supplementation habits throughout the study, to refrain from
strenuous lowebody exercise before the experimental sessions and during the rest days, to
avoid sleep restriction before the experimental sess@nédurs of sleep), and to refrain from

consuming food and beverages at least 2 hours before each experimental session.
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Figure 3. Back squat loadrelocity profiles of individual participants from second data

collection.
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6.2 Data collection

6.2.1 First data collection

Each participant underwent three laboratory visits onawrsecutive days)) 48 h o f
rest) with constant time of the day1( h). The first visitincluded detailed explanation of
experimental design followed by signing the informed consent, anthropometric measurements,
standardized warrap, CMJ test, reactive strength index (RSI) test, and familiarization with
BJ, HJ, and rating of perceived exertion (RPE) sclle second and third visits included
standardized warrap, 30 repetitions afitherBJs onto a 50 cm boor HX s over a 50 cm hurdle

in counterbalanced order, and RAEe experimentgbrotocolis depicted in Figurd.
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Figure 4. Experimentaprotocoli first data collection.
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2nd & 3rd visit
AM = anthropometric measurements (body height, body weight, body fat percentage, and body
segments lengthsICMJ = countermovement jump te§iP = experimental protocol (30
repetitions of box or hurdle jumpdAM = familiarization with EP and rating of perceived
exertion RPE = rating of perceived exertipRSI = reactive strength indeégst,WU = warm

up.

Anthropometric Measurementsn electronic column scale (Seca 769; Sécabh &
Co. KG., Hamburg, Germany) with fitted stadiometer (Seca Z2&;aGmbh & Co. KG.,
Hamburg, Germaly wer e used t o d eotlyemassand bodyphaight i ci p a
respectivelyBody composition, specifically bodyfat percentage was determined using direct
multi-frequency bioelectrical impedance device (InBody 4i@Bpdy co., Itd., Seoul, South
Koreg. Additionally, leg length anébwer leglength were measured using measuring tape in
tall standingposition with extended and adducted legs. Leg length was defsthe distance
from anterior superior iliac spine tbe proximal end of fifth metatarsah dominant leg and
shin length as the distance frahe lateralepicondyleto the proximal end of fifth metatarsal
on dominant legUpper legength wasthen calculated dswer leglength subtracted from leg
length.

Standardized Warsp. Participants performed a single set per exercise of following
exercises in this order: 30 ground contacts per leg-pface running, 10 in place bilateral
pogo jumpsdynamic unilateral stretches of hip, knee, and ankle muscles (3 repetitions per leg

for each exercise), 10 bodyweight squats, 5 bodyweight reverse lunges per side, 5 bodyweight
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lateral lunges per side, 5 bodyweight sinigigged deadlifts, 5 bodyweight singegged glut
bridges(Figureb).

Figure 5. Standardized warrapi first data collection.
| | * | :

10) 5x each 11) 5x each 12) 5x each

Countermovement Jump Te$en preparatory CMJs with light wooden dowel held
behind the base of the neakross the posterior shoulders were perfortogutovide specific
warmup, to remove any possible positive or negative effects of potentiation on experimental
jumps and to allow participants to familiarize themselves with the experimental Jétep.
preparatory jumps were immediately followed by 3 maximal CMJs with the same setup. Both
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preparatory and experimental jumps were performed standing ortht@edimensional
piezoelectric force platforms (Kistler 9286BA; Kistler Instruments Inc., Winterthur,
Switzerland)positioned sidéy-side andsynchronized to record as a single platfofime force
platforms recorded ground reaction forces using sampling frequency of 1000 Huait #\AB
board amplifier, and BioWare software (v5.3.2.9; Kistler Instruments Inc., Winterthur,
Switzerland). A custom MATLAB program (v1.8.0.121; MathWorks, bladA, USA) was
used to export the data using 20 N threshold to identify individual phases of the jump.
Furthermore, a linear position transducer (GymAware Power Tool; Kinetic Performance
Technology Pty. Ltd., Canberra, Australiaas used to measure velocity and displacement.
Thestringof the linear position transducer watsached to the wooden dowel 30 cm from the
right shoulder towards the end of the dowel #nradtransducer itself being placed on the ground
directly below the end of the strirfglojka et al., 2021)The correct position of the string was
checked before every jump. Additionally, one researcher observed the movementosie¢he
during the data collection. Any trials with notable rotational dowel movenusitgtion from
horizontal dowel position, ather cases of failed trial (i.e., hitting tblestacle during the flight

or not landing on the force plate) were excluded, and the triatepesited after completing
the prescribed rest interval. The testing setup is depicted in igtine jumps were performed

in 10 second interval@iyama & Nosaka, 2007ineasured via running timer with acoustic
signal (Gymboss miniMax; Gymboss Timers, St. Clair, MIl, USRyeceding pilot testing
confirmed thisjump frequencyto be sufficient and safein cases when participant missed
landing and was forced to step outside the force platform to regain haldecparticipants
were instructed to jump as high as possible andlated softly. The depth of the
countermovement, speed of the countermovement, and stance widtrelfirssdested by the
participants to maintain ecaaal validity. Verbal encouragement from researchers was

provided during the experimental jumps.

Reactive Strength Index TeShe RSI was measured during DJ from 30 cm high box
with light wooden dowel held across posterior shoulders behind the base of the neck (Figure
6). Two synchronized force platforms positioned digeside separated from the box by 5 cm.

The force platform hardware and software used to record and extract the ground reaction force
data for the RSI test were identical to those described for the Ghabiave. Participants stood

in an upright position on top of the box and stepp#dy reaching forward with their nen
dominant leg. Participants were instructed to prevent jumping up or stepping down from the

box. Additionally, participants were instructed to land on the force platform with both feet at
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the same time and to aim for maximal jump height possible while maximally reducing the
ground contact time. Participants were allowed tosakct their countermovement depth and
stance width to increase ecological validity. The jump frequency wasadktatithat described

for the CMJ test above. The RSI was calculated as flight time divided by contact time.
Figure 6. Testingsetupi first data collection
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CMJ DJ BJ
BJ = box jumpCMJ = countermovement jumpJ = drop jump HJ = hurdle jump.

(o]

Familiarization.All participants were familiarized with BJ and HJ conditions at the end
of the initial visit. Each participant performed at least 3 repetitions of BJ and HJ. Additional
repetitions were performed when considered necessary by researchers or requested by a
participant. Following the familiarization jumps, all participants were familiarized with rating
of perceived exertion usingID OMNI-RES scaldor adults(Robertson et al., 2003y he
OMNI-RES scalefor adults in paper form was provided forparticipantsduring both

familiarization and experimental sessions (Fighre
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Figure 7. OMNI-RES scaldor adultsused to determine RRRobertson et al., 2003)
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Box and Hurdle Jump®articipants performed 30 repetitions of box jumps onto a 50
cm tall box and 30 repetitions of hurdle jumps over a 50 cm tall hurdle. These two conditions
were performed in counterbalanced order on two different days separatedifynumof 48
hours. Participants assumed tall standing position on top of one force platforrofttaee
platform) facing the obstacle with the wooden dowel held in identical position described for
the CMJ test above. The nearest edgdsotiobstacles were pitioned15 cmfrom the front
edge of the takeff force platform The second (landing) force platform was placed on top of
the box 5 cm from the edge closest to the-@fk@latform. The landing force platform for the
hurdle condition was placed on the ground behind the hurdle separated from the hurdle by 5
cm. The vetical distance from the top of the také# platform to the top of the landing platform
placed on the box and to the top of the hurdle was equalized to 50 cm for both conditions. The
string of the lineaposition transducer was attached to the wooden dowel as described above
in the CMJ test section; however, for the box jump and hurdle jump conditions the body of the
devicewap | aced on the ground on the right side
distance from the center of both force platforms. This placement was chosen to allow the
horizontal displacement of the dowel during the box and hurdle jumps and to tatmoun
specific restrictions resulting from thesting setup used duririgeseconditions.The used
device captures changes of the string angle to accouits$ farrizontalmovementtherefore,
it was possible to offset the device placement from the position directly below the dowel
without negatively influencing the dat@ame as during the CMJ test, participants were allowed

to selfselect their individually optimal stance width, countermovement depth, and

61



countermovement speed. Furthermore, participants were instructed to atti@elghest
possible jump height and to land softly throughout the whole trial. The jumps were performed
using jump frequency of 10 seconds which was measured and signalized by automatic timer
with acoustic signal (Gymboss miniMax; Gymboss Timers, St. Clair U8IA). Participants

were instructed to remain at the landing force platform for at least 1 second after landing to
regain balance and then to return to the starting positigdhe takeoff force platform by
stepping down from the box or stepping over the hurdle and to wait for another acoustic signal.
One researcharbserved the position and movement of the ddtwalughout the whole trial

and any repetitions with notable dowel rotation or horizontal tilt were flagged and excluded

from the statistical analysis.

Dependendariables. Groundreaction force data measured via force platforms were
used to determine peak tak# forces, rate of force developmembtal impulsion timeand
peak impact forcePeaktakeoff forcesin vertical (PFv), horizontal (PFh), and resultant (RF
r) directionswere calculated aeemaximal force produced in each directfoom theinitiation
of the countermovement to theoment oftakeoff. Averagerate of force developmenuring
takeoff phase (RFDascalculated as RFdivided by the time to achieve REHaff et al.,
2015) Total impulsion time was calculated as duration from the initiation of the
countermovement to the moment of takié Peak landing forces were calculated as the
maximal force produced in resultdif-r) and vertical (IFv) direction during the landing he
internal software ofhe linear position transducer was usedd&terminecountermovement
depthas maximal downward displacement of the dowel below the upright standing position
during the takeoff phase mearand pealconcentric velocity, time to peaoncentric velocity,
peak concentric power, time to peak concentric power, and jump height

6.2.2 Second data collection

Participantsperformed 50 maximal effort CMJs with various intepetition rest
durations on 5 neronsecutive days separated by at least 48 hours to prevent angwarry
effect of fatigue. The jumps were performed continuously (ROc; whereby the end of one jump
immediately transitioned into the next jump) or intermittently with 0 (ROi; where they landed,
stood upright, and then began the next countermovement), 4 (R4), 8 (R8), and 12 (R12) seconds
of inter-repetition rest in countdralanced quasiandomized order. Thtime of the day was
kept constant for each participant (£1 h). All participants provided informed consent before
being enrolled in the experiment. Anthropometric measurements, standardizeelpyarm

familiarization with the experimental procedure, veltjoanp testing including SJ, CMJ and
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DJ, loadvelocity profile, and one repetition maximum (1RM) test for back squat exercise were
completed at least 48 h before the first experimental session in this order. Each experimental
session began with bodyweight measurement and muscle sorenesmastekollowed by
baseline heart rate and blood lactate concentration measurementsupvanm bicycle
ergometer, baseline tensiomyography (TMG) measurement, and second part efipyarm
including dynamic stretching, calisthenic, and plyometric exercifasticipants then
performedan experimental procedure (50 CMJs) throughout which heart rate as well as
multiple linear performaneeelated kinetic parameters were recorded. After completing the
experimental protocoparticipantammediately assumed supine lying position on the nearby
massaging table and remained in this position until competition of allepestise
measurements. These included RPE assessment (0 minutes after), heart rate (0, 5, 10, and 15
minutes after), bloodakctate concentration (1, 50, and 15 minutes after), and TMG (1, 5, 10,

and 15 minutes after) measurements. Figurentains the flowchart of experimenpabtocol

Anthropometric MeasurementSimilar to the first data collection, body weight and
body height of participants were measured using digital column scale with integrated
stadiometer (Seca 769 and Seca 220; Seca Gmbh & Co. KG., Hamburg, Germany). Direct
multi-frequency bioelectrical imgnlance device (InBody 770; inBody co., Itd., Seoul, South
Korea) was used to measure body composition
lengths were measured using measuring tape in supine lying position with extamitle
adducted legs as the distance from anterior superior iliac spine to the medial malleolus for each
leg. Leg length discrepancy was then calculated by subtracting length of shorter leg from length

of longer leg.

StandardizedWarmUp. Warmup consisted of two parts. The first part included
cycling on a stationary ergometer (duration = 5 minutes, resistance = 100 W, cadence = 60
rpm). The second part included 6 dynamic lower body stretching exercises (focused on hip
flexors, hip extengs, hip adductors, hip abductors, knee flexors, knee extensors, and ankle
plantar flexors) performed unilaterally with 5 repetitions per side. Furthermore, each
participant performed 10 bodyweight squats, 5 forward lunges per sida@|aferal glute
bridges per side, 10 pogo jumps, 5 intermittent CMJs, and 3 continuous CMJs, in this order
(Figure 9). The warrup was followed by 2 minutes of rest.
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Figure 8. Experimental protocdl second data collection.
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height, body fat percentage, and leg lengtB4) = blood lactate concentratiorBW = body
weight CMJ = countermovement jump teBtl = drop jumptest,EP = experimental protocol
(50 repetitions with ROc, ROi, R4, R8, or RE2M = familiarization with EP and rating of
perceived exertiarHR = heart rate LVP = back squat loadelocity profile MS = muscle

sorenessassessmenRPE = rating of perceived exertipi®J = squat jumpgest, TMG

tensionyography of m. quadratus lateralisWU1 = bicycle ergometer warump, WU2

dynamic stretching and calisthics warraup.

Familiarization.Participants were familiarized with the experimental procedure during
the initial session. Familiarization was completed after standardized-wariout before
vertical jump test and consisted of31repetitions of squat jump, CMJ, and drop jump,
respectrely. This timing of familiarization was chosen because testing setup for CMJ test was
identical to that used during the experimental protocol. Familiarization with setup for back
squat LVP and 1RM tests was undertaken following the \ariiomp testing. Finally,
familiarization with rating of perceived exertion usingl®@ OMNI-RES scale for adults
(Robertson et al., 2003yas performed following the back squat 1RM test concluding the
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initial visit. The OMNFRES scale for adults in paper form was provided for participants during

both familiarization and experimental sessions (Figre

Vertical Jump TesMaximal SJ, CMJ, and DJ in this order, for three repetitions each,
were performed to test the jumping ability of participants (Figure 10). Participants rested
approximately 15 seconds between repetitions within single jump variation and 1 minute
between ymp variations. Jump height was measured by 2 linear position transducers
(GymAware Power Tool; Kinetic Performance Technologies, Canberra, Australia) attached to
a light wooden dowel (one on each side) held horizontally across tkeiposhoulders behind
the base of the neck. linear position transducers were positioned on the ground, so the theaters
were in vertical position before initiating each jump. The results from both linear position
transducers were averaged to prevent angnii@al measurement errors caused by uneven or
rotational movements of the dowel. The used device captures changes of the string angle to
account for its horizontal movement; therefore, potential horizontal shifts or rotational
movements of the dowel woutebt influence the datdhe highest of 3 repetitions was included
in the analysis. Participants were instructed to jump as high as possible omepetityon.
Participants were required to hold bottom position (knee angle <90 degrees) during the SJ for
at least 2 seconds (indicated by researchers) before initiating the upward movement. In case
any additional countermovement directly preceding upward motion atastdd during the
SJ, the repetition was discarded. In case 2 or more repetitions of theré&Saav performed
correctly, additional repetition was performed. For the CMJ patrticipants started in the upright
standing position and after being signaled by the researchers, performed countermovement
followed by the upward motion without any pause atlibttom of the countermovement. The
countermovement depth during the CMJ test wasssddicted by each participant. The DJ was
performed after a stepff from a 32 cm high box using preferred leg. Participants were
instructed to contact the ground witbtb feet at the same time and to use countermovement
depth similar to that used during the preceding CMJ test. The stance width for all vertical jump
tests was selelected by each participant to increase ecological validity.

65



Figure 9. Standardized warrapi second data collection.
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Figure 10. Testing setufy second data collection.
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Load-Velocity Profile and 1RM Back Squat TeBarticipants performed warop
consisting of 5 repetitions of back squat with 20 kg barbell and followeeyptional warm
up sets if required. Simultaneously these 5 to 15 waprepetitions served as familiarization
with the testing setup. Participig rested for 1 minute and then performed back squats with
increasing load with intention to achieve maximal concentric velocity with every load. Two
repetitions per load were performit 20, 40 and 60 % dafstimatedback squalRM, and 1
repetition for 80 and 9% of estimatedack squaflRM. Eachparticipantestimated his back
squat 1RM load based dheir recent training history. Individual loads were separated by 3
minutes of passive rest. Squat depth and bar position were individualized basadhon
participants individual preference; however, they had to be kept consistent for each load and
knee angle at the bottom of the squat had to be smaller than 90 d&ariegpantsvere
allowed to seHlselect theeccentridempo. Then they performed the concentric phase as fast as
possible without any pause at the bottom of the moverRanticipantsvere not allowed to
jump at the end of the concentric phasecase of any failed repetitions (i.e., due to loss of
balance, technical error, insufficient squat depthpss of ground contact at the end of the
concentric phase) one additional repetition was allowed after completing 3 minutes of rest.
After completingthe load equal t80 % of estimatedback squalRM, each participanself
selected further load increments until the true 1RM load was reached. The bar velocity was
measured using linear position transducers attached to each end of the barbell and the averaged

value was recorded to prevent any potential measurement@umad by uneven movements

67



of the barbell. Repetition with faster mean concentric velocity was analyzéohfts with

multiple repetitions

HeartRateA sur face heart rate sensor strapped

Polar Electro Oy, Kempele, Finland) was used to collect heart rate data. The baseline heart rate
was measured in supine lying position. Participants were lying quietly for Steminthe
baseline heart rate was determined as an average heart rate during the last 3 minutes. Pre
intervention value was reported as absolute value 1 second before the start of the experimental
intervention. heart rate was also recorded continuoushngiuhie whole intervention and
recovery period. The heart rate recorded during the experimental protocol is presented as an
average value for each grouping of 5 consecutive repetitions. The heart rate recorded during
the recovery period is presented as Alisovalues recorded at,®-, 10, and 15minute after

completing the experimental protocol.

Blood Lactate Concentratio.he baseline blood lactate concentration was measured
in supine lying position immediately after the baseline heart rate measurement from a 0.3 pl
sample of capillary blood taken from a fingertip and analyzed using a portable device (Lactate
Pro2, ARKRAY Inc., Kyoto, Japan). Blood lactate concentration was measured agaandt 1

15-minutes after completing the experimental protocol.

Tensionyography.Localized contractile properties of the dominant leg vastus lateralis
were measured using namvasive tensiomyograph (TM8MC Ltd., Ljubljana, Slovenia)
which has been shown reliable and valid for this purgdéscgregor et al., 2018)The
dominant leg was reported by each participant as their preferred jumping leg. Participants
assumed relaxed supine lying position with a knee angle of 150° (180° = full extension)
supported by the original platform from the device manufacturer. Tiepdsition of the
stimulating electrodes and the tensiomyograph sensor were measured according to the
SENIAM guidelines for electromyography and marked for consistent placement in the
following experimental sessions. The sensor was placed at 2/3 oméheoln the anterior
superior iliac spine to the lateral border of patella. The electrodes were placed 2 cm proximally
and 2 cm distally to the sensor in the direction of the vastus lateralis muscle fibers. The muscle
contractile properties were assesseting a digital sensor which measured the radial
displacement of muscle belly during a twitch contraction induced by a 1 millisecond
monophasic electrical impulse. The progressive stimulation of the muscle started at the
intensity of 30 mA and continued WwitlO mA increments until no further changes of the time
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displacement curve were registered. The baseline TMG measurement was performed
immediately after completing the first part of the warmand the procedure was repeated at

1-, 5, 10 and 15minutes after completing the experimental protocol. The measar&bles
included: maximal amplitude of muscle belly displacement (FTB®) and contraction time
(TMG-Tc, the time between 10% and 90% of TNDE&n).

Rating of Perceived ExertioRarticipants were asked to rate their perceived exertion
immediately after the last jump of the experimental protocol using visual analogue 0 (extremely
easy) to 10 (extremely hard) OMIRES scale for adultéRobertson et al., 2003rigure 6

presents the OMNRES scale for adults used in this experiment.

Muscle Sorenes®articipants provided a subjective rating of lower extremities muscle
soreness perceived while performing bodyweight squat. An elevi@hvisual analogue scale
ranging from O (no pain) to 10 (worst pain possible) was used for this purpose (Higure 1
case of excessive level of perceived muscle soreness (>4), additional day of rest was provided.

Figure 11. Visual analogue scale used for rating of perceived muscle soreness.
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pain pain pain pain Sﬁ‘é‘?ﬁe po%asligle

58 (55 (B8

v-——ﬁ—-h

012345678 910
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Experimental ProtocolThe experimental protocol consisted of 50 CMJs performed
with the light wooden dowel held across the shoulders with attached linear position transducers
as described for the CMJ test above. Participants were instructed to perform all jumps with the
intention to reactihe maximunpossible jump height and concentric velocity. To do so, verbal
encouragement was provided by the researchers throughout the whole pRactcibants
were allowed to use sedkelected countermovement deptid stance widthiNo music was
played, and no female researchers were present during the experimental protocol to limit the
number of possible confounding factofglditionally, all researchers were positioned behind
participants to ensure there was no motion in their line of sight during the intervértesn.
jumps were performed either continuously (ROc) or intermittently with 0 (R0i), 4 (R4), 8 (R8)
and 12 (R12) seconds ofter-repetition resin quasirandomized counterbalanced order on
separate day3.he order of the protocols was gietermined and printed before the beginning
of the data collectioriTheparticipantavere instructed to return to an upright standing position
as soon as they regained stability after the landing during the intermittent protocols. The start
of the inter-repetition resiperiod was defined as the moment when ghdicipants knees
reached full extension. The end of the rest period was indicated by an acoustic signal.
Information about the number of completed jumps was igealV for the participants
continuously throughout the experimental proto€aice the final jump was completed, one
researcher helped participants with transferamgp the nearby massaging table for post
intervention measurements. Simultaneously, another researcher asked participants about their
momentarily RPE valueCountermovement depth (maximal vertical displacement below
upright standing position during takdf phase), maximal horizontal displacement (from
upright standing position in each directidnring the whole repetition), mean concentric
velocity, peak concentric velocity, time to peak concentric velocity, mean eccentric velocity,
minimal eccentric velocity, and jump height (maximal vertical displacement above upright

standing position) were @asured via linear position transducers.
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6.3 Statistical analysis

6.3.1 First data collection

Data collected during the 30 repetitions of BJ and HJ were split into 5 groupings of 6
repetitions (GiG5) and mean values for each grouping of repetitions were compared for each
dependent variablézurthermore repetitions number 11, 12, and 13 from both BJ and HJ
conditions were averaged and compared to averaged values of CMJ test. The-Quiantiile
plots were used to test the data for normaiftglistribution.Mean and standard deviati¢®D)
was calculated for all dependent variables. @veey (for RPE and CMJ vs. BJ vs. HJ
comparisons) and twaway (for exercise volume: G1, G2, G3, G4, &sondition: BJ vs. HJ)
repeated measureSNOVAs were performed to assess the data. A GreankGegsser
correction wasised in the instances where the sphericity was not assiosichoc pairwise
comparisons using Bonferroni correction were performed when appropriate. Significance level
for all tests was set at0.05.Co h e n 6 s -Bideavd5 Bsltonfidenoe intervals were used
to calculate effect sizéder ANOVA. C 0 h e nefiest side with twesided 95 % confidence
intervals was used for post hoc pairwise comparison when appropii®€. o h e reffest f
size results are interpreted as negligible (< 0.10), small {60.0@24), moderate (0.25 to 0.39),
and large©0.40)(Cohen, 1988) and Cohenédés d effect sizes ar
small (0.20 to 0.49), moderate (0.50 to 0.79), and |a@fe80)(Cohen, 1988)The oneway
consistencysingle scorantra-day intraclass correlation coefficientgth 95 % confidence
intervalswere calculated focMJ, BJ, and HJ jump typethese will benterpreted as poor (<
0.50), moderate (0.5@ 0.74), good (0.75 to 0.90), and excellent (> 0.90) reliab{lpo &

Li, 2016) Lastly, Pearson's product moment correlation coefficigntvas used to test for
association betweeanthropometric characteristics (body height, body weight, body fat
percentage, leg length, upper leg length, and lower leg length) and variables measured during
the threejump types (countermovement depth, -\ IF-r, jump height, mean concentric
velocity, peak concentric velocity, time to peak concentric velocity, peak concentric power,
time to peak concentric power, #EFPFv, PFr, RFD, and total impsion time) Spearman's

rank correlation coefficientrs) was usedn case of nomormal data distributio(Field et al.,

2012) For the purposes of correlatiamalysis,PFh, PRv, PFr, IF-v, and IFr values were
converted to values relativepoa r t i dodp wemghtaddsleg length, upper leg length, and

| ower | eg Il ength were convert ed. Theagesuiseof cent a
correlation analysis will be interpreted as negligibl@.Q9 to 0.09), weak .39 tor 0.10 and

0.10 to 0.39)moderate(0.69 tor 0.40 and 0.40 to 0.69), strongd(89 toi 0.70 and 0.70 to
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0.89), and very strong .00 to1 0.90 and 0.90 to 1.00) correlati¢8chober et al., 2018)
RStudio 2023.06.1+524 (Integrated Development Environment forSgydio, PBG Boston,
MA, USA) was used to perform all statistical analyses.

6.3.2 Second data collection

The variables measured across the 50 jump repetitions are analyzed and reported as
mean values for 10 groups of 5 consecutive CMJ repetitions5I®). G1 for mean and
minimal eccentric velocity in ROc protocol were calculated as average of second to fifth
repetition to prevent distortion resulting from slower countermovement of the initial jump.
Normality of distribution was assessed via Quar@leantile plot. 5 (protocol) x 10 (exercise
volume) tweway repeated measures ANOVA was used for countermovetegth, mean
concentric velocity, peak concentric velocity, mean eccentric velocity, minimal eccentric
velocity, horizontal displacement, jump height, and time to peak concentric velocity.
Furthermore, heart rate was analyzed by 5 (protocol) x 16 (tbtoe) lactate concentration
by 5 (protocol) x 3 (time), and TM®m and TMGTc by 5 (protocol) x 5 (time) twavay
repeated measures ANOVA. Greenhe@s@sser correction was used for analyses where
sphericity assumption was not met. Gmay ANOVA was used t@nalyze differences in
bodyweight, muscle soreness, RPE, and protocol durations between experimental protocols.
Partial etas g u a rpy% effect(sike was calculated and interpreted according to the criteria
suggested by Cohen as trivial (< 0.01), small (0.01 to 0.05), moderate (0.06 to 0.13), and large
( O 0(Caheh) 1988)Pairwise comparisons using Bonferroni post hoc corrections were
performed when appropriate, al ongside with ¢
were interpreted as trivial (< 0.20), smal/l
usi ng Co he(@dhen, 1088)Fihakyr relaionship between effects of continuous 50
CMJs and anthropometraharacteristicgbody height, body weight, body fat, leg lendtégy
length discrepanqgytraining experiencegs well as performanagharacteristicg¢absolute and
relative lower body strength, slope of leaglocity profile, jumping performance, and amount
of stretchshortening cycle potentiation during vertical jumppsitially, we performed pairwise
correlation tests tadentify significant relationships in the entire sample using the same
approach as described for the first data collection abbkis. was followed bysubgroup
analysis, where the sample was split into multiple subgroups based on the performance
characteristics listed above. Each subgroup included 6 participbeither top or bottom
performing individuals. Two participants with medigaluesfor each parameter were not

includedin the analysisStatistical power was calculated via post hoc independent means
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difference for each dependent parameter across all subgroups using G*Power 3.1
(RRID:SCR_013726 G-Power, Brunstittel, Germany. Independent samplestdst and
Hedgeds g e Gistdeaacanalyzdifferemcedvetwean subgrowgpas well as changes

in dependent variables in response to 50 continuous Cwlsficance level for all tests was

set at p O 0.065. R e Sy Due ® tha large nunmigr of cdmeadisorss,s me ¢
only the most important significant interactions, particular p valued, edfect sizes are

described in the text. The statistical analysis was performed using RStudio 2023.06.1+524
(Integrated Development Environment for R; RStudio, PBC, Boston, MA, USA).

7 Results
7.1 Take-off and landing parameters

Most of the variables have showmoderate to good reliabilityexcept forexcellent
reliability for countermovement deptluringall three jump typesandexcellent reliability for
PFr, PRv, and RFD during B@Figurel12). A total of 5 trials had to be discarded and repeated
(3 CMJs, 1 HJ, and 1 BJ) due to an extensive dowel movement (4 trials) or missing the force
platform upon landing (1 trial).

There werenon-significantsmall to moderateffects ofjump typeon mean concentric
velocity (F,38=0.93, p = 0.403, f=0.22 [0.00 to 0.p(Qjeak concentric velocityf,zs= 2.724,
p =0.078, f=0.38 [0.00 to 0.68PFr (F2,38=1.873, p = 0.168, f = 0.31 [0.00 to 0.BIRF
v (F2,38=1.356, p = 0.27, f =0.27 [0.00 to 0.53RFD (F238=0.731, p = 0.488, f 6.20[0.00
to 0.47]), and total impulsion timeF 33 = 2.883, p = 0.068, f = 0.39 [0.00 to 0.59Pn the
other hand, jump type has shotarhave significant large effects on countermovement depth
(F1.4627.67=5.871 p =0.013 f =0.56[0.17t0 0.88), peak concentric power §ks = 8.456 p
< 0.001, f =0.67[0.28t0 1.0Q), time to peak concentric powerx(fg=7.75 p =0.002 f =
0.64[0.25t0 0.97), time to peak concentric velocity {F2s8=12.362 p< 0.001 f =0.81
[0.41t01.1G), PFh (F>38=184.966 p< 0.001 f =3.12[2.34t0 3.89), jump height (E3s=
54.35 p<0.001 f =1.69[1.18t0 2.17), IF-r (F2,38= 72.924 p< 0.001 f =1.96[1.40to
2.49), and IFv (F2,38 = 70.688 p < 0.001 f = 1.93[1.38t0 2.45). Meanst SDs for all
dependent variables and resultpo$t hodests where warranted are presented in Figuges 1
16.

73



Il 60 5S40 g0 TS 0 I 60 S0 S0 Geo 0 I 60 G20 S0 S TAlY) 0
| | |

i aoloy Buipue| |esidan yead

| 20104 Buipug| Jue)Nsal jyead

wbiey dwnp

aw} ucisindwi |210]

— ., L Jamod 2Luesuoa yesd 0] sw |

(I I N I L Jamod D11U8DU0D Yead

" - 4y Jo-aye) abelsay

—a L 90104 Jo-a)e} [ejuoziioy yead

- 20104 JJo-93E] |EDI}IBA YERd

|

|

|

|

—— " L 90J0] JJo-9yB] JUB)Nsad Yead

|

I L AnoojaA oujuaoUuED Yead o) sl
|

|

[T S S— L AI00[2A 21LJUS2UOD Head

— L AlID0]8A 011USOU0D UBSIA

F— | HE | L y1dap uawaAcwisiunoyd
g rH rNo

'sadAl dwnl pue so|geleA Juapuadap |e 10} S[eAlalul 3dUapPIU0D % G6 YIIM SJUBIDILS0D UoNe|a1109 ssejoenu| zT ainbiH

74



Figure 13.Meanz SD and results of post hoc tests for A) peak horizontateéiikerce, B)
peak vertical takeff force, and C) peak resultant taki force, and D) average tak#f rate
of force development
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resulting from post hoc pairwise comparison,
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Figure 14. Mean+ SD and results of post hoc tests forp&ak concentric velocity, B) time to

peak concentric velocity, C) peak concentric power, and D) time to peak concentric power
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Figure 15. Meanz SD and results of post hoc tests fora®untermovement depth, B) total

impulsion time, C) mean concentric velocity, and D) jump height
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Figure 16. Meant SD andresults ofpost hodestsfor A) peak vertical landing force and B)

peak resultant landing force.
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7.2 Magnitude of nding forces

pairwise

compari son,

Tables11 and 12 provide means and standard deviations for all dependent variables

measured across 30 repetitions of BJ and HJ conditions. Takl@gmmarizes ANOVA and

effect size resultsThe results show no significant conditisrexercise volume interaction for

all dependent variableblowever, there was significant large effect of conditioriFer, jump

height, mean concentric velocity, and peak concentric vel(Eitigle 13). Additionally, there

wasa significantarge effect okexercise volume famean concentric velocity, peak concentric

velocity, countermovement depth, RFD,-?Fand peak concentric power (Tald8). No

significant effect of condition or exercise volume was observed for time to peak concentric

velocity and time to peak concentric power. Post hoc pairwise comparison revealed that mean

concentric velocity, peak concentric velocity, countermovemerthd&#D, PFv, and peak

concentric power were significantly lower during G1 comparedntst of the following

repetition groups (Tabéell and12). Reported RPE values (BJ = 4.55..23, HJ = 4.60 +
1.19)did not differ between the experimental conditionsi6E 0.03, p = 0.87, f = 0.04 [0.00
to 0.27]).
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Table 11. Mean £ standard deviation and post hoc pairwise comparison of linear position

transducer data across 30 box and hurdle jumps.

Gl G2 G3 G4 G5 Total
BJ 0.500 + 0.518 + 0.526 + 0.523 0.533 % 0.520
0.096 0.103 0.101 0.102 0.096 0.100
CMD HJ 0475+ 0.498 + 0.497 £ 0.499 + 0.509 + 0.496 +
(m) 0.108 0.102 0.114 0.119 0.122 0.113
Total 0.488 + 0.508 + 0.512 + 0.511 % 0.521 + :
0.103 0.103 * 0.109 * 0.111 0.110*
BJ 2212 + 2.282 + 2.308 + 2311+ 2.332 + 2.289 +
0.217 0.222 0.205 0.221 0.216 0.220
MCV HJ 2151+ 2.254 + 2.247 + 2.268 + 2.261 + 2.236
( mAs 0.239 0.209 0.198 0.188 0.191 0.21¢C
Total 2.182 + 2.268 + 2.278 2.289 + 2.296 + ,
0.230 0.216 * 0.203 * 0.206 * 0.207 *
BJ 3.561 + 3.661 + 3.696 + 3.697 + 3.710 + 3.665 +
0.380 0.391 0.369 0.397 0.410 0.392
PCV HJ 3.441 + 3.601 + 3.643 + 3.610 + 3.625 + 3.584 + )
( mAs 0.420 0.347 0.369 0.353 0.363 0.377
Total 3.501 + 3.631 + 3.670 + 3.654 + 3.667 + ,
0.404 0.371* 0.369 * 0.377* 0.388 *
BJ 0.214 + 0.209 + 0.211 + 0.211 % 0.209 + 0.211 %
0.035 0.039 0.041 0.040 0.041 0.039
TTPCV HJ 0.207 £ 0.207 £ 0.207 £ 0.205 + 0.210 % 0.207 £
(s) 0.033 0.036 0.038 0.039 0.043 0.038
Total 0.211 + 0.208 0.209 + 0.208 + 0.210 % :
0.034 0.037 0.040 0.040 0.042
BJ 6394.4 + 6748.7 + 6920.7 + 7013.7 + 6938.9 + 6803.3 +
1377.4 1271.9 1461.4 1720.5 1710.3 1530.1
PCP HJ 6112.0 + 6537.3 £ 6743.7 £ 6668.7 + 6799.9 + 6572.3 +
(W) 1504.3 1333.8 1534.3 1447.0 1643.5 1511.3
Total 6253.2 + 6643.0 + 6832.2 + 6841.2 + 6869.4 + i
1446.1 1304.8 * 1497.8 * 1595.7 * 1675.2 *
BJ 0.154 + 0.148 + 0.150 + 0.151 + 0.145 + 0.150 +
0.050 0.053 0.053 0.051 0.051 0.052
TTPCP HJ 0.146 + 0.147 + 0.149 + 0.144 + 0.156 + 0.149 +
(s) 0.042 0.043 0.046 0.053 0.053 0.048
Total 0.150 + 0.147 + 0.150 + 0.148 + 0.151 + :
0.047 0.048 0.049 0.052 0.052
BJ 0.390 + 0.404 + 0.403 + 0.401 + 0.402 + 0.400 +
0.079 0.076 0.080 0.081 0.082 0.079
JH HJ 0.361 + 0.372 + 0.377 + 0.375+ 0.379 + 0.373 +
(m) 0.071 0.071 0.079 0.085 0.091 0.08¢C
Total 0.375+ 0.388 + 0.390 + 0.388 + 0.390 + :
0.076 0.075 0.080 0.084 0.087

BJ = box jump,CMD = countermovement dept®1i G5 = repetition groups, HJ = hurdle

jump, JH = jump heightMCV = mean concentric velocit{yCP = peak concentric power,

PCV = peak concentric velocity, TTPCP = time to peak concentric pOW&ICV = time to

peak concentric velocity, =
O 0.05)

significantly di
BJ.

fferent (p

di fferent (p t han
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Table 12. Meanz standard deviation and post hoc pairwise comparison of force platform data

across 30 box and hurdle jumps.

G1 G2 G3 G4 G5 Total
BJ 2001.6 + 2068.0 + 2089.3 + 21156 + 2092.1 + 2073.3
293.5 320.7 335.6 365.6 333.4 331.8
PF-v HI 20319 + 2057.8 + 2079.2 + 2074.8 + 2070.7 + 2062.9 +
(N) 284.1 271.9 310.2 308.8 3154 298.0
Total 2016.8 + 2062.9 + 2084.3 + 2095.2 + 2081.4 + :
288.6 296.7 * 322.5* 338.3* 324.0
BJ 5373.5+ 6544.0 + 6923.2 + 7043.5 + 7050.6 + 6587.0 +
2498.7 2687.5 2841.5 3205.4 2763.5 2872.5
RFD HJ 5375.6 + 6284.2 + 6604.0 + 67279 + 6752.6 + 6348.9 +
( NBs 1908.9 1802.7 2150.0 2215.8 2555.1 2196.7
Total 5374.6 + 6414.1 + 6763.6 + 6885.7 + 6901.6 + ,
2218.8 2293.0 * 2519.4 * 2754.1* 2660.0 *
BJ 2206.6 + 21059 + 21916 + 2146.4 + 2200.3 2170.1 +
774.9 676.5 646.4 688.7 675.6 692.5
IF-v HJ 41144 4017.3 £ 4115.1 41125 % 4288.9 £ 4129.6 =
(N) 1079.0 907.5 1007.2 835.7 1050.1 980. ¢
Total 3160.5 + 3061.6 + 3153.3 + 3129.4 + 3244.6 + ,

1338.8 1247.0 1281.4 1246.7 1368.0
BJ = box jump, GIG5 = repetition groups, IFv = peakvertical landingforce, HJ = hurdle

jump, PF-v = peakvertical takeoff force, RFD = average takeff rate of force development,

* = significantly different (p O 0.05) than
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Table 13. ANOVA and effect size results for dependent variables a@0dsox and hurdle
jumps.

Condition x Exercise
Volume Interaction
Effect

p-value  f[95% CI] p-value  f[95% ClI] p-value  f[95% CI]

Condition Exercise Volume
Effect Effect

P 016 poposy 5 paors %877 povwoos
Y 0-0%9 [0-08}%%’-55] 0023 [0-12'32-68] 0126 [o.og'ti?c’).sl]
e 0434 [oooss <001 peiorza 7% povipoa
ey 0030 popoton <00 prioazg  O5%  opins
PeY 0023 oioton <001 pigigres 0626 ooigosm
ey 0420 oovosn O poowoza  O582  povioosa
Per 0151 odiossn  <O001  ugibess 0785 padwong
e 0849 ovoosn 081  powozs  O198  povioas
i 0015 o iloiig 08 poposy  O7% ooy
i <0001 ghey 0295 poosy 080 oovicnn
RPE 0.867 [o.o&%.zn l i i i

CMD = countermovement depth,-i= peakvertical landingforce, JH = jump height, MCV

= mean concentric velocity, PCP = peak concentric power, PCV = peak concentric velocity,
PF-v = peak vertical tak®ff force, RFD = average takeff rate of force development, TTPCP

= time to peak concentric power, TTPCV = érno peak concentric velocity, RPE = rating of
perceived exertion,-palue = probability value resulting from ANOVA test, f [95% CI] =
Cohents f effect s i-sded9%%confideridinetvalt est wi t h
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7.3 Inter-repetitionrest duration

7.3.1 Baseline levels

No significant differences between experimental protocols were observed for muscle
soreness (2= 0. 6 09, P?F0.618)theai Bt fs=d 0. 137, 2p0.604)0. 968,
blood lactate concentration{fz= 0. 8 4 2, 3= 0.848)0TMBDNS(E.07.4.9= 0.81,

p = 0.459, @11 an0 TMEIcqRs2=d 1. 583, pp=080150at 19 3,
baseline. Results of ANOVA suggested that p
between experimental protocolssfF= 2.961,p = 0 > @ 2.@01), hdwever, post hoc

analysis did not confirm this (all comparisons p > 0.05). On the other hand, heart rate differed
significantly between protocols immediately preceding the first jump.6-6.356, p < 0.001,

dp? = 0.123). Specifically, there was significant moderate to large elevation of heart rate in ROc
and ROi compared to R4 (p < 0.01, g O 0.77
0.05, g = 0.63 [0.25 to 1.02]). Moderate but +significant elevatiorof heart rate wa also
observed in ROc compared to R8 and R12 as w.
0.57 F0.02 to 1.16]).

7.3.2 Displacement

Jump height was significantly strongly affected by protocol§E 137.754, p < 0.001,
dp? = 0.749), exercise volume(k, 1575= 61 . 795, p < 0,29008B12),anGGe =
protocolx exercise voluménteraction Fss 4322= 4 7 . 8 5, 9= 08230 Judheight d
during ROc and ROi protocols were significantly lower than the rest of the protocols from G1
and G2 onwards, respectively Qf1.17 [0.83 to 1.52]), but with no significant difference in
jump height between ROc and ROi at any point in time (g from 60087 to 0.54] to 0.60 [0.10
to 1.10]). Jumpheight during ROi decreased significantly below G1 as soon as at G2 (g = 0.62
[0.43 to 0.80]); on the other hand, jump height during ROc fell significantly below G1 first at
G5 (g = 1.54 [0.79 to 2.29)]). Three different phases could be identified bywgpakihe ROc
and ROi curves in Figur#9. From G1 to G4, there was a slightly steeper decrease of jump
height in ROi compared to ROc (g = 1.96 [0.98 to 2.94] and 1.06 [0.45 to 1.68], respectively).
Followed by similar jump height slopes from G4 to G7 (i &d ROc (g = 1.43 [0.90 to 1.96]
and 1.34 [0.89 to 1.79], respectively). Ending by flattened ROi curve and continuous steady
decrease for ROc past G7 (g = 0.58 [0.28 to 0.89] 1.28 [0.90 to 1.66], respectively).
Furthermore, there was no significant juimgght decrease in R4, R8, and R12 protocols at
any time point during the intervention. Post hoc analysis of protocol main effect showed jump
heights to be significantly lower for R4 compared to R8 and R12 (g = 0.72 [0.57 to 0.88] and
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0.75[0.58 to 0.92], respectively), and rsignificant trivial difference between R8 and R12 (g
= 0.06 }0.05 to 0.16]). Meart standard deviationalues for jump height are presented in
Figurel?.

Figure 17. Meanz SD of jump heightacross50 CMJs
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G1i G10 = repetition groups, ROc = no inteepetition rest continuously, ROi = no inter
repetition rest intermittently, R4 = 4 seconds intepetition rest, R8 = 8 seconds inter

repetition rest, R12 = 12 seconds intepetition rest.

Maximal horizontal displacement showed rgignificant trivial effect of exercise
volume (Bia2s6s= 0. 585, p = 0 .°50D.604), s@rifieant=moderat® gfét
of protocol (R 4s= 5. 733, pp= 00850 and fghificantdsmall effect of protoeol
exercise volumenteraction Fsg 4322= 1. 796, = 0022)0Po& hqac anglysis of
protocol 6s main effect showed significantly
to all other protocols (g from 0.37 [0.24 to 0.52] to 0.86 [0.65 to 1.06]). Furthermore, R4 and
R12 resulted in significantly greatieorizontal displacement compared to ROc and ROi (g from
0.44 [0.26 to 0.61] to 0.53 [0.33 to 0.74]). Post hoc analysis of prokoegercise volume
interaction showed no significant differenchkeanz standard deviation values for maximal

horizontal dsplacement are presented in FigLée
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Figure 18 Meanz SD of maximal horizontal displacement across 50 CMJs.
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G1i G10 = repetition groups, ROc = no inteepetition rest continuously, ROi = no inter
repetition rest intermittently, R4 = 4 seconds inAtepetition rest, R8 = 8 seconds inter

repetition rest, R12 = 12 seconds intepetition rest.

There was no significant main effect of protocad /= 0. 823, 3=0818)0. 51 7,
or exercise volume (Fa, 2323 = 1.847, p = 0. 0,58 0.007 Ge = 0.
countermovement depth. Small significant effect was shown for protoerércise volume
interaction Fss,4322= 2. 8 75, pP= 0.019;thoweverl no sighificant differences were
identified by post hoc analysislean+ standard deviation values for countermovement depth

are presented in Figulé®.
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Figure 19. Meanz SD of countermovement depth across 50 CMJs.
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G1i G10 = repetition groups, ROc = no inteepetition rest continuously, ROi = no inter
repetition restintermittently, R4 = 4 seconds integpetition rest, R8 = 8 seconds inter

repetition rest, R12 = 12 seconds intepetition rest.

7.3.3 Velocity
Mean concentric velocity resulted in significant large effect of protoealgd®57.855,

< 02 9M443) and|significant moderate effects of exercise volums (1= 18.96,
< 0.001, 26GaY) as well.ad ptatocstexercise voluménteraction Fss, 432
18. 501, 250.1%). ThereOMsIng sigdificant decrease in mean concentric velocity

p
p

within R4, R8, and R12 protocols throughout the intervention and there was no significant
difference between these protocols. ROi was the only protocol during which, mean concentric
velocity decreased significantly compared to G1 value, first at G9 (g = 2.15 [0.89 to 3.40]).
Interestingly, this was in ROi preceded by significantly decreased mean concentric velocity at
G8 compared to G2 (g = 1.68 [0.82 to 2.56]). Decrease of mean concercityviel ROc did

not reach statistical significance in spite of the large effect between G1 anceg&tidion
groups(g = 1.81 [0.63 to 2.98]Meanz standard deviation values for mean concentric velocity

are presented in Figuié.
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Figure 20. Meanx SD of mean concentric velocity across 50 CMJs.
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G1i G10 = repetition groups, ROc = no inteepetition rest continuously, ROi = no inter
repetition rest intermittently, R4 = 4 seconds inAtepetition rest, R8 = 8 seconds inter

repetition rest, R12 = 12 seconds intepetition rest.

There were significant large effects of protodel gs= 98 . 458, ,*p0.63, 0. 001
exercise volumégFiss 1661= 3 8. 169, p < 02960189, anGpBotocokx 0. 154
exercise volumenteraction Fss 432= 2 7 . 345, p= 0.209 @r pedk tancerdric
velocity. Post hoc analysis indicated that there was no significant difference between any two
values within or between R4, R8, and R12 protocols. Similarly, there was no significant
difference between ROc and ROi protocols atramgtition groupDecrease of peak concentric
velocity below G1 reached statistical significance at G3 for ROi (g = 0.85 [0.53 to 1.17]) and
at G6 for ROc (g = 1.17 [0.66 to 1.68]). The effect of exercise volume resembledhgignd
T initial faster decrease of peak concentric velocity from G1 to G3 in ROi compared to ROc (g
= 0.85[0.53 to 1.17] and 0.33 [0.11 to 0.55], respectively), followed by comparable rate of
decrease from G3 to G8 between ROi and ROc (g = 1.97 [1203pand 1.31 [0.69 to 1.93],
respectively), beyond which decrease of peak concentric vefdatiygauedor ROi (g = 0.18
[-0.12 to 0.48]) but accelerated for ROc (g = 0.75 [0.47 to 1.88jan+ standard deviation

values for peak concentric velocitgegoresented in Figui2d.
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Figure 21. Meanz SD of peak concentric velocity across 50 CMJs.
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G1i G10 = repetition groups, ROc = no inteepetition rest continuously, ROi = no inter
repetition rest intermittently, R4 = 4 seconiiger-repetition rest, R8 = 8 seconds inter

repetition rest, R12 = 12 seconds intepetition rest.

Significant strong effect of protocdF{2s 270= 17 . 211, p < 02=001, G
0.25]) and significant moderate effectsexfercise voluméF ze, 16.3= 15.598, p < 0.001, GGe
= 0. 3’5 0.079 as well arotocolx exercise voluménteraction Fss 432= 8.507, p <
0. 0 0,45 0.089 were seen for time to peak concentric velocity. Only ROi increased
significantly above its G1 value during the intervention; however, only at G5 (g = 1.26 [0.74
to 1.77]), G7 (g = 1.34 [0.78 to 1.90]), and G10 (g = 1.43 [0.76 to 2.10]). Significantdretwe
protocol differences of time to peak concentatocity within individualrepetition group®f
the intervention were seen only for ROi whic
[ 0. 77 to 2.14]), greater than R8 from G3 to
greater than R12 at G4, Gb5,.Tkemr wereano gignifcdnd ( g (
differences ofprotocol x exercise volumenteraction between ROc and the rest of the
experimental protocols, most likely due to high intetividual variability in ROc.
Furthermorethere was no significant difference between R4, R8, and R12 atpaiftion
group Meanz standard deviation values for time to peak concentric velocity are presented in
Figure22.
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Figure 22. Meanz SD of time to peak concentric velocity across 50 CMJs.
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G1i G10 = repetition groups, ROc = no inteepetition rest continuously, ROi = no inter
repetition rest intermittently, R4 = 4 seconds inAtepetition rest, R8 = 8 seconds inter

repetition rest, R12 = 12 seconds intepetition rest.

Mean eccentric velocity was not significantly affectedelgrcise voluméFs.os, 36.74=
1.204, p = 0. 3200, Eeotocol FiQs, 1655 24.346, p < 0.001, GGe
= 0. 38& 0.379 andprotocolx exercise voluménteraction Fss 432= 2.273, p < 0.001,
dp? = 0.019 resulted in significant large and small effects, respectively. Neither experimental
protocol showed any significant changes throughout the intervention. Additionally, there were
no significant differences between intettent experimental protocols (ROi, R4, R8, and R12)
at any single repetition group during the intervention. However, ROc was significantly faster
than ROi at every repetition groGpexdepgGD 2. 71
and G@&.03(0y82103.23]), fasterthanR8at-GB (g O 1.97 [0.86 to
than R1I2atG&S5 (g O 1. 91 Mgad+ sBaBdard aeviaBon Qalugs)far mean

eccentric velocity are presented in FigRge
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Figure 23. Meanx SD of mean eccentric velocity across 50 CMJs.
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G1i G10 = repetition groups, ROc = no inteepetition rest continuously, ROi = no inter
repetition rest intermittently, R4 = 4 seconds inAtepetition rest, R8 = 8 seconds inter

repetition rest, R12 = 12 seconds intepetition rest.

There was a significant large effect of protodelgs= 28 . 357, ;*90.48) 0. 00 1
as well as significant moderate effecterércise voluméF:.14, 25 67= 16.683, p < 0.001, GGe
= 0. 2°38.099 apdprotocolx exercise voluménteraction Fsg, 432= 11.935, p < 0.001,
dp? = 0.129 for minimal eccentric velocity. Post hoc analysis showed no significant differences
compared to G1 within individual experimental protocols throughout the intervention.
Although, there was nesignificant large efct for slowing minimal eccentric velocity in ROc
and ROi protocols from G1to G10 (g = 1.96 [0.49 to 3.43] and 2.26 [0.62 to 3.89], respectively).
Furthermore, ROc protocol was significantly faster than ROi protocol at every repetition group
(g O 81580[Q.35]) and R4 protocol was signif
2.19 [1.05 to 3.33])Mean * standard deviation values for minimal eccentric velocity are
presented in Figurg4.
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Figure 24. Meanz SD of minimal eccentric velocity across 50 CMJs.
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G1i G10 = repetition groups, ROc = no inteepetition rest continuously, ROi = no inter
repetition rest intermittently, R4 = 4 seconds inAtepetition rest, R8 = 8 seconds inter

repetition rest, R12 = 12 seconds intepetition rest.

7.3.4 Heart rate

There were significant strong effects of protocelsdso.7= 32.237, p < 0.001, GGe =
0. 58%20.28¢) andtime @l5,105= 7 55 . 8 9, p2$0.823) dahd siylifitant mpderate
effect of protocolx time interactionFeo,780= 17 . 7 9 2, ?p 0.KI5)for.hénd rate.
Posthoc analysis showed that heart rate in all experimental protocols increased significantly
above their respective PRE value. This happened already at G1 during R4 (g = 0.84 [0.62 to
1.06]), R8 (g = 0.42[0.34 to 0.50hnd R12 (g = 0.54 [0.41 to 0.68]) and at G2 during ROc (g
= 0.68 [0.53 to 0.82]) and ROi (g = 1.26 [0.75 to 1.78]). Heart rate subsequently reached its
peak and did not further significantly increase from G6 during R4 and R12 (161.3 + 14.4 and
135.5 + 22.8pm, respectively), G7 during ROi and R8 (175.2 + 9.7 and 149.9 + 16.0 bpm,
respectively), and G8 during ROc (173.8 + 14.2 bpm). These peak heart rate values differed
significantly between protocoisR12 was lower than R4 (g = 1.01 [0.42 to 1.60]), RO=(
2.07 [0.72 to 3.43]), and ROc (g = 1.82 [0.62 to 3.03]); also, R8 was lower than ROi (g = 1.64
[0.97 to 2.31]). During the posttervention recovery period, heart rate returned to resting level
fastest after R12 protocol, already amihutes postntervention. Heart rate after R8 and R4
protocols returned to resting levels atrhthutes postntervention, but heart rate remained

significantly elevated above resting levels even 15 minutes after ROc and ROi protocols (g =
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2.41[1.36 to 3.46] and 2.10 [1.30 to 2.89], respectivéi@an+ standard deviatiomalues for

heart rate are presented in Fig@te

Figure 25. Meanz SD of heart rate across 50 CMJs.

180

160

140

120

Heart rate (bpm)

100

G1i G10 = repetition groupsPost G 15 = measurementi@5 min. after the last jump, Pre =
measurement 1 second before the first jJuRQK; = no intefrepetition rest continuously, ROI
= no inter-repetition rest intermittently, R4 = 4 seconds iatepetition rest, R8 = 8 seconds
inter-repetition rest, R12 = 12 seconds intepetition rest Rest = restingyalue

7.3.5 Blood lactate concentration

Analysis of blood lactate concentrations showed significant large effects for protocol
(Fas2= 123.898,,>90.661), me kst , 1 6. 205, >=p0.5685)and 00 1,
protocol x time interactionFso1,39106= 3 9. 16, p < 0., 0-0512)Be&e = 0.
lactate concentrations after completing the ROc and ROi protocols were significantly elevated
compared to resting levels at(f = 5.09 [2.25 to 7.93] and 4.00 [1.68 to 6.31], respectively)
and 15minutes (g = 3.91 [1.59 to 6.23] and 4.05 [1.7%184], respectively). Additionally,
blood lactate concentration was significantly elevated above resting levels at 1 minute afte
completing R4 protocol (g = 1.06 [0.57 to 1.54]), but then returned to baseline level at 15
minutes after the protocol. No significant changes in blood lactate concentration compared to
resting values were observed after R8 and R12 protddekmn+ standard deviation values for

blood lactate concentrati@re presented in Figugé.
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Figure 26. Meanz SD of blood lactate concentration across 50 CMJs.
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Postl = measurement 1 min. after the last jurRpst 15 = measurement 15 min. after the last
jump,ROc = no intefrepetition rest continuously, ROi = no intezpetition rest intermittently,
R4 = 4 seconds intarepetition rest, R8 = 8 seconds int@petition rest, R12 = 12 seconds

inter-repetition rest, Rest = restingalue

7.3.6 Tensiomgography

TMG-Dmshowed small effect of time4ks, 2s2= 4. 559, p = 02900%2), GGe
moderate effect of protocol {s, 2745= 4. 06, p = 0 .0=20466), BGzal= O .
effect of protocok time interactionFi,102= 5. 0 3 5, p3= 0.842,@ll 0bwhith, werg

statistically significant The most notable results of pdgic analysis were nesignificant
large reductions of TM&@m at 1 minute after ROc (g = 0.96 [0.38 to 1.53]) and ROi (g = 0.90
[0.33 to 1.46]). In contrast, R8 resulted in a +sgnificant small increase of TMGmM 1
minute after the protocol (g = 0.25 [0.15 to 0.64]). Meatandard deviation values for TBA

Dm are presented iRigure27.

There were significant small effects of time §F7.61= 18.808, p < 0.001, GGe = 0.575,
dp? = 0.036) and protocol time interactionfis,102= 5. 23 4, 06820 rTRIG-1, d
Tc and norsignificant trivial effect oprotocol (R,4s= 0. 4 3 8, x>90.083). TMGT8 ,
was significantly reduced 1 minute after completing R4 (g = 0.77 [0.58 to 0.95]) and R8 (g =
0.54 [0.34 to 0.75]) protocols compared to-prervention levels and recovered befofe 5
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minute postintervention. Also, ROi and R12 protocols resulted in lowest mean-TeI& t
minute posintervention (g = 0.51 [0.03 to 1.05] and 0.67 [0.13 to 1.21], respectively), but
neither did reach significance during the recovery period. T@fterROc was significantly
decreased only atfminute mark (g = 0.55 [0.34 to 0.76]) and recovered by 10th minute post

intervention. Mearx standard deviation values for TM& are presented in Figure 28.

Figure 27. Mean+ SD of TMG-Dm across 50 CMJs.
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Post 115 = measurementil5 min. after the last jump, ROc = no ink@petition rest
continuously, ROi = no interepetition rest intermittently, R4 = 4 seconds iAtepetition rest,
R8 = 8 seconds intaepetition rest, R12 = 12 seconds intepetitionrest, Rest = resting

value.
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Figure 28. Meanx SD of TMG-Tc across 50 CMJs.
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Post 115 = measurementil5 min. after the last jump, ROc = no in@petition rest
continuously, ROi = no interepetition rest intermittently, R4 = 4 seconds iAtepetition rest,
R8 = 8 seconds intarepetition rest, R12 = 12 seconds intepetitionrest, Rest = resting

value.

7.3.7 Rating of perceived exertion

Significant large effect was seen for RPE between the experimental protogols (F
84.537, p=&753)..POsDhbc anatysis showed significant large effects (p < 0.05, g
01.00 [0.39 to 1.61]) for decreased RPE values as a result of increasing rest durations. No
significant differences were seen between ROc and ROi (g = @00& [to 0.39]) and R8
compared to R12 (g = 0.90 [0.22 to 1.58]). Meastandard deviation values for RPE are
presented in Figurgo.
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Figure 29. Meanz SD of RPE immediately after 50 CMJs.
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ROc = no intefrepetition rest continuously, ROi = no integpetition rest intermittently, R4 =
4 seconds interepetition rest, R8 = 8 seconds intepetition rest, R12 = 12 seconds inter

repetition rest.

7.3.8 Experimental protocol duration

There was significant difference in the time needed to complete individual experimental

protocols Fr.eqzs.17= 2815399, p < 0.001GGe = 0484,d,2 = 0992). Specifically, ROc = 1.07

+ 0.11 min, ROi = 2.2% 0.19 min, R4 = 4.98 + 0.39 min, R8 = 8.30 + 0.44 min, and R12 =

11.42 £ 0.51 minPost hoc analysis resulted in all differences being significant (all p < 0.001)

with very | arge effect sizes (all g O 6.381

7.4 Athlete characteristics

7.4.1 First data collection

The paired samplesorrelation testevealedno significantrelationship betweehody
height andany of thedependent variables measured during the jump #8420 al |
values00.35; all pvalues > 0.05)However,body weightshowed asignificant correldbn
with peak concentric power durimgth theBJ and HJ (r = 0.59, p < 0.@dr both jump types
andbody fat percentaggemonstrated significantly correlabn with PRv and PF duringthe
CMJt = 1 010.468respectidelyp < 0.05)Leg lengthexhibitedsignificant correlabns
with PFhin bothBJ and HJrs=10.54 and 0.47, respectively; p < 0.05s well asvith peak
concentric power in CMJI{=10.47, p < 0.0h Additionally, there was sgnificant correlation
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between upper leg length and peak concentric velocity in CMJ (.54, p < 0.0 peak
concentric velocity in HJ (r £0.51, p < 0.0p and PFh in HJ condition @=10.62, p < 0.0
Lower legdisplayed significant correlations wiglimp height across all three jump typ8si6
OrO 0. 52 ,),which was the odl relationship betwesanthropometri@and performance
variables significantly correlatedacross all three jump typed-urthermore, significant
correlationsvere observebtetween lower leg length and peak concenteiocity, albeitonly
for CMJ ( = 0.45, p < 0.0p as well aswith time to peak concentric velocity for HJ (r = 0.47,
p < 0.05), andime to peak concentric power for tJ= 0.49, p < 0.0pb The tablepresenting

full results of performed correlation tes$sncluded as Appendik

7.4.2 Second data collection

The results of paired samples correlation tests revealed multiple significant
relationships. Body height of participants was significantly corelated with changes in blood
lactate concentration during recovery period (1056, p < 0.0bas well as with reported RPE
value ¢(s=10.55, p < 0.0p Body weight was significantly correlated with RPEH 0.63, p
< 0.095 and with changes in TMGc value between'sand 10" minute after the intervention
(rs = 0.56, p < 0.05)Body fat percentage correlated significantly only with amount of heart
rate increase during the intervention (r = 0.55, p < 0l0&). length significantly correlated
only with changes in countermovement depth during the interventier0(68, p < 0.05) and
there were no significant correlations between leg length discrepad@nyof the dependent
variables.Similarly, both training experience and CMJ performargteowed naosignificant
correlatons to any of the dependent variablg3n the other handSJ performance was
significantly correlated with changes in mean and peak concentric velgeityQr72, p < 0.01
and 6=10.57, p < 0.05, respectively), changes in mean and minimal eccentric velgsity (r
0.56,p<0.05and+ 0.61, p <0.05, respectively), changes in heart rate during the intervention
(rs=10.80, p = 0.001), and changes in TNDEn from F'to 10" minute post interventionr
= 0.54, p < 0.05)However, drop jump only correlated significantly with changes in blood
lactate concentrain during recovery period (r = 0.63, p < 0.05). Absolute back squat one
repetition maximum performance significantly correlated with changes in countermovement
depth during the jJumping intervention €1 0.58, p< 0.05) and maximum back squstirength
relative to individual 6s bodyweight correl at
depth(rs =10.67, p < 0.01ps well as with RPE{=0.72 p < 0.01). The slope of the linear

regressionine for loadvelocity profile was significantly correlated only with changes in heart
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rate during the jumping intervention (r = 0.65, p < 0.0%j)e tables presenting full results of

performed correlation tests are included as Appendix 5 and 6.

Multiple post hoc subgroup comparisons were performed for two independent groups
divided based on relative backs squat 1RM strength, slope ofvédacity profile, SJ
performance, CMJ performance, DJ performance, and stshtattening cycle potentiation
represented by difference in performance between SJ and CMJ. The results of post hoc power
analysis identified only 3 instances where statistical power crossed over 0.8 threshold: change
in mean and minimal eccentric velocity in subgroups divided by veldtack squat 1RM
strength (Power = 0.85 and 0.91, respectively) and change inDM®etween $and 10"
minute after the experimental intervention in subgroups divided by CMJ performance (Power

= 0.88). Complete power analysis results are depicted in Figure 30.

Figure 30.Results of power analysis for subgroup comparisons.
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All subgroups differed significantly in tiregespectivenetric, based on which they were
created (20.219F1,10052.649, all p00.001, 0.669Ddy?> O0.840).Furthermore, there were
no significant differences in age, training experience, body height, body weight, or body fat
percentage between subgroup pairs with the only exception being significantly different age
betweerhigh and low relative back squat 1RM strength groupso®&6 . 204, p>= 0. 03

0.383). Tables 14 and 15 include descriptive statistics for all included subgroups.

Table 14.Meanz+ SD valueof the key independent variable for all subgroups

Subgroups Mean = SD
Relative back squat 1RM Higher strength 1.768+ 0.146*
(kgkg'?) Lower strength 1.376+ 0.128
Slope of loadvelocity profile Higher steepness 10.010 £ 0.001*
(mA' kg Lower steepness 10.007 + 0.001
. Higherjump 0.502+ 0.017*
Squat jump (m)
Lower jump 0.426+ 0.019
. Higherjump 0.539+ 0.019*
Countermovement jump (m) :
Lower jump 0.462+ 0.0
_ Higherjump 0.523+ 0.018*
Drop jump (m) :
Lowerjump 0.453+ 0.024
Stretch-shortening cycle Higher potentiation 0.060 £ 0.016*
potentiation (m) Lower potentiation 0.014+ 0.016

* = significantly different (pO0.05) compared to the other subgroup of the skeysariable.
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Table 15.Descriptive statisticef includedsubgroups

Age Training Body Body Body
Subgroup ( egrs) Experience Height Weight Fat
Y (years)  (m) (kg) (%)
Relative  Higher 2770 11.67 1.77 79.04  13.13
back squat strength +3.77* + 62 +0.06 +4.93 +5.57
IRM Lower 23.8 7.83 1.8 88.23 8.27
(kgkg')  sgrength  +2.16 +4.12 +0.09 +13.63  +5.88
Higher 24.97 8.33 1.80 80.88 8.58

Slope of  steepness +3.01 +4.27 +0.06 +13.32 +551
LVP

(mA& kg' 1) Lower 25.38 10.33 1.84 90.7 11.98
steepness +2.76 + 3.45 +0.12 + 7.8 +5.63
Higher 24.24 7.33 1.82 85.40 7.80
Squat jump +2.24 +3.20 +0.03 +7.42 +3.13
jump
(m) Lower 26.02 11.33 1.83 88.89 13.13
jump +4.61 + 6.44 +0.12  +£13.07 +7.32
Higher 24.11 7.00 1.80 82.03 7.98
CMJ jump +2.06 +2.97 +0.03 +8.35 +3.19
(m) Lower 26.50 10.83 1.83 87.31 12.25
jump +4.51 + 6.40 +0.12 +£11.75 +7.58
Higher 24.87 8.67 1.82 85.27 9.27
Drop jump +2.14 +3.78 +0.05 +£10.38 +3.17
jump
(m) Lower 26.88 11.50 1.82 84.39 12.85
jump + 4.66 +6.50 +0.12 +1250 +7.34
Higher 25.81 10.17 1.79 85.94 12.98

SSC potentiation  + 2.59 +4.62 +0.09 +1484 £6.52
potentiation
(m) Lower 24.93 8.50 1.86 86.18 8.53

potentiation +4.51 +6.19 +0.08 +7.49 + 4.66

1RM = one repetition maximum, CMJ = countermovement jump, LVP =ekdity profile,
SSC = stretctshortening cycle, * = significantly different (90.05) compared to the other
subgroup of the same key variable.
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There were no significandlifferencesin any of the dependent variablestween the
subgroups with different steepnesdadvelocity profile slope drop jumpperformancegor
stretchshortening cycle potentiatio®n the other handhe subgroup withigher relative back
squat 1RM strength experienced significantly smaller increase of countermovemerfpdepth
0.05, g = 1.36, Figure 3&nd significantly slowed down theineanand minimaleccentric
velocities p < 0.01, g < 1.78, Figure23and p < 0.01, g = 1.95, Figure3,3respetively)
compared to the relatively weaker subgroup.

Figure 31.Difference in countermovement depth changes throughout the continuous 50 CMJs
between subgroups with higher and lowsaiximal strength ofower bodyrelative to body
weight
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Figure 32. Difference in mean eccentric velocity changes throughout the continuous 50 CMJs

betweensubgroups with higher and lower maximal strength of lower body relative to body
weight
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Figure 33. Difference in minimal eccentric velocity changes throughout the continuous 50

CMJs betweersubgroups with higher and lower maximal strength of lower body relative to
body weight
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Furthermore, significantly smaller increase of heart rate during the experimental
intervention was experienced by the subgroup with hightcompared to the lowe®J
subgroupp < 0.05, g = B4, Figure 3). Lastly, there were significant differences in changes
to maximal horizontal displacement during the experimental interve(uiern0.05, g = 1.46,
Figure &) as well as in changes of TMBm values from ¥ to 10" minute after the
experimental interventio(p < 0.01, g = 1.87, FigureBbetween subgrgps with higher and
lower CMJ performancé&pecifically,higher CMJ performance subgroup reduced the maximal
horizontal displacement from G1 to G10 whereas lower CMJ performance subgroup
experienced change of similar magnitude but in the opposite direddascle belly
displacement of vastus lateralis measured via tensiomyography increased more in the group of
higher countermovement jumpers from the first to tenth minute following the jumping
intervention; however, the difference was mainly in the value wonedsright after the
intervention being nosignificanty lower in the subgroups consisting of higher jumpers. The

complete results of the subgroup comparisons are included as appé&mdiXx

Figure 34. Difference in heart rate changes resulting from continuous 50 CMJs between

subgroups with higher and lowsguat jumpperformance.
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Figure 35. Difference in maximal horizontal displacement changes throughout the continuous

50 CMJs between subgroups with higher and lower countermovement jump performance.
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Figure 36. Difference in TMGDm changes betweertland 10" minute following the
continuous 50 CMJs between subgroups with higher and lower countermovement jump

performance.
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1 = measurement 1 minute after the last intervention jump, Post 10 = measurement 10 minutes
after the last intervention jump.
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8 Discussion
8.1 Comparison of common jumping exercises

Three commonly used jumping exercise variatiorSMJ, BJ, and HJ were used
throughout this dissertation thedtazen though these variations are similar, our data show that
the requirement of overcoming an obstacle resuitedome technical adjustments and
consecutive differences in propulsivperformance Contrary to our hypothesis,
countermovement depth was significantly shorter in BJ and HJ compared to CMJ, in other
words,par ti ci pant s 0 significantlyldetgeduing ICdtrearmehd] and HJ
Unsurprisingly, PFh was significantly larger in BJ and HJ compared to CMJ but no differences
were observed in RP¥, PFr, and RFD. Similarly, there were no significant differences between
the jump types in peak and mean concentric velocities as wellaasmpulsion time. On the
other handpeak concentric power was significantly larger in BJ compared to CMJ and time to
peak concentric power and peak concentric velocity were significantly shorter for both jumps
involving obstacle compared to CMardition. Jump height was the only variabgth
significant differences between all three jump types, the CMJ being the highest and the HJ
being the lowest.

As hypothesized, BJ significantly redud&dv and IFr compared to those experienced
during HJ and CMJAlthoughthe results highlight some important differences between these
commonly used jump types, the differences were not as vast as initially hypothesized. One of
the main finding is the similar level of PFv and PFr in all three jump typeslespite
approximately fourfold differences in HFwhen jumping oveor onto the obstacleThese
results support therevious research showing that performing ®Jsoxes of various heights
resulted in nossignificant trivial to small differences in peak tas# force andpower, RFD,
and concentric time to takaf (Koefoed et al., 2022However, contrary to our results, this
study reportedhat box height did not altgamp height Although, the direct comparison to
our results is difficult due to the obstacle being present in both high and low box conditions.
The study alstested CMJ performance but unfortunately only the lack of relationship between

maximal achievable box height and CMJ performance was reported.

The participants adopted their natural countermovement depth during all conditions to
increase ecological validity. This resulted in significantly different countermovement depth
between the jump types with and without obstacle. Previous research repdiatest

countermovement depth with total impulsion tirfldovtseff et al., 2014; Pér&astilla,
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Rojas, et al., 2021; Pér€zastilla, Weakley, et al., 202dhich canlead totwo different acute
benefits when manipulated. First, greater displacement associated with deeper
countermovement depth allows for greater concentric work and possibly also higher velocities
to be achievedJidovtseff et al., 2014; Pér€zastilla, Rojas, et al., 2021; Pér@€astilla,
Weakley, et al., 2021)This would provide spotspecific stimulus for athletic events which
requirea highrate of forces to be produced from deep squat positions such as weightlifting, ski
jumps, sprint, swimming, sumo, ef8econd acute benefit of altering total impulsion time can

be more efficient use of stretsimortening cycleachievedvia decreased countermovement
depth(i.e., decreased range of motion) and therefore decreasing the total impulsion time. This
change can result in greater concentric and eccentric powergiimt(Guess et al., 202@s

well as greater eccentric work, greater concentric force, greater amortization, and lower
amortization timgBarker et al., 2018)As a result of this, jump types which promote shallower
countermovement depthgould be more specific for athletes relying on effective stretch

shortening cycle (g., basketball, volleyball, high jump, gymnastics, etc.).

Contrary to the studigsentioned in the previous paragraph, our data shovptbaént
significant differences in countermovement depth did not igidificant differences in most
of the key propulsive variables such as total impulsion time, peak and mean concentric
velocities, PRy, PRr, and RFD. This discrepancy between previous research and our data
might be explained by the countermovement depihg measured as vertical displacement of
the dowel being held acropsar t i ci pant s 6 presentinglthd dispmcermentoft e a d
their center of mass. Therefore, the deviations in countermovement depth presented in this
thesis could be i ndi amdreupvighttoosd popitermin thepresereent s 6
of an obstacle being placed in front of them during the countermove@mgidering that this
technical adjustmemesulted inonly moderateo-strongsignificantdifferences in concentric
power and times to peak concentric power and velocity, ilaissiple thatthese three jump
types may impose similar propulsive stimulThis could justify their interchangeability in

certain training contextandallow some applicatioof research findings across these jump

types.

As hypothesized, there was a significant large effect of jump type foraikd IFr;
specifically, the impact forces were significantly lower during BJ than both HJ andTidJ
finding is in agreement with previously reported significant reduction in peak joint power
absorption in BJ compared to CMJ and(Man Lieshout et al., 2014pur data show thain
averagdahe BJ caused approximately thad (~51 %) reduction of impact forces compared
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to CMJ and HJ which is quite remarkable effddie two main factors could be considered
responsible for such robust impact reduction: the instruction to perform a soft landing and a
coincident al ma t ¢ hmeargjump heigint 9. can) vadheightafrthe | e 6 s
box used during the interventidd0 cm). This raisesan intiguing new researclguestion

related to training individualizatiomvhat isthe effect of differenbox-to-CMJ-height ratios on

impact forces upon landifg

Some training goals, such as improvements in landing mechanics or increasing
eccentric strength and power, might require higher impact ftodas usedlida et al., 2013)
however, other situations like patellofemoral sensitivity or periods of increased training and/or
competitive load might warrant lower impact forces to reduce totalleauk et al., 2018; Sisk
& Fredericson, 2019)Previous research have shown that level of patellofemoral pain was
significantly positively correlated with higher magnitudes and rates of eccentric forces in
patellofemoral joint upon landing in young symptomatic wongatkins et al., 2018)
Furthermore the ability to effectively absorb impact forces seems to be compromised while
experiencing acute patellofemoral pgMunes et al., 2019)which might negatively affect
injury risk. Therefore,coaches could use BJs to effectively reduce impact forces while

maintaining similar levels of propulsive performandgen warranted

Our data provide a foundation for evidermased plyometric exercise selection;
however, many questions related to this topic remain unanswered. For exarapieusly
mentioned relationship between CMJ performance and box height, but also an enhanced effect
of stretchshortening cycle during multipleontinuougumps, potentiating effect of multiple
intermittent jumpg, or effect of fatigueresulting from higher volume setsurthermore, there
are some limitations associated with this experiment whichidgheutaken into consideration
when interpreting and applying our findings. First, the string of the linear position transducer
was attached to one end of the dowel held by the participants across their shoulders. This could
lead to a potential measurement f ort i n case participantos s
experimental taskdlowever onemember of the research team was responsible for monitoring
the position of the dowel throughout the whole experiment to minimize the negative impact of
said novements. Any repetitions with excessive dowel motions were noted and excluded from
analysis. Second, on a similar note, the data measured via the linear position transducer could
be negatively influenced by parmountoffgveardt 6s | L
lean of the trunk during the countermovement. Thigld be mitigated by choosing a different

site for attachment of the wire, such as par
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site would enable participants to use arm swing and therefore to increase ecological validity.
Although, this was not possible in the current experiment due to some technical constraints of
the equipment used mainly during the HJ condition (i.e., thegstinthe linear position
transducer hitting the top of the hurdle in the later part of the juhgyefore, attachment via

t he dowel held across participantdés shoul der
8.2 Effects of impact forces across a set of repeated jumps

Our initial hypotheis wasnot fully supported by the results of this experiménshort,
we hypothesizedhat there will be significant fatigueslated performance decline in HJ
condition but no significant decline of performance in BJ condition throughout the intervention.
Contrary to our hypothesishe results show no fatiguelated performance decrease in both
conditions anceven improvement ahultiple variablegmean and peak concentric velocity,
peak concentric power, RE and RFDYhroughout the intervention.

In plyometric type jumps, the total eccentric loading consists of eccentric work during
the countermovement which precedes takeand eccentric work upon landing to stop the
downward movemen{Suchomel et al., 2019aYherefore, the total eccentric loading in
plyometric type jump exercises is heavily influenced by the magnitude of impact forces upon
landing(Heise & Martin, 2001; Peng, 2011; Williams & Cavanagh, 1987; Yeow et al., 2010)
This is important because eccentric fatigue, resulting from repeated intense eccentric
contractions, can blunt the ability to produce dynamic f@Bygne et al., 2001; Denis et al.,
2011)which is however, not limited to eccentric contractions but can also negatively affect
concentric performanc@yrne et al., 2001; Nuzzo et al., 2023herefore, we expected that
reducing the distance between the apex of the jump and the landing surface via elevated landing
platform and in turn reducing the impact for¢®an Lieshout et al., 2014pight assist in
preventing fatigueelated reduction of takeff performance during a set of repeated high effort

jumps. However, our data present a slightly different narrative.

In our experiment, the BJ produced approximately two times lower impact forces
compared to the HJ (Table 12), as expected. However, the potential positive effect of
significantly reduced impact forces on the ability to maintain repeated jumping perfermanc
could not be observed, as neither condition led to any negative fagigied changes to take
off performance. It could be argued that the impact forces produced by the HJ, or the volume
performed (30 jumps) might not be great enough to cause anyvableemperformance

detriments in our experiment. Although, this is unlikely because it had been demonstrated that
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as few as 10 DJs from a 60 cm height caused significant decrease in jumping performance
(Miyama & Nosaka, 2007)This study even reported similar impact forces to those resulting
from the HJ condition in our experiment (~4.0 to ~5.2 and ~5.3 times body weight,
respectively). It seems that the different o
training experience. Our experiment involved physically active participants with experienced

in plyometric training, whereas the study by Miyama and Nosaka was performed on untrained
participants. Therefore, it is very plausible that both training status assatedliaing history

can greatly i mpact an individual 6s ability
intensity plyometric jumps. This aligns with the outcomes of a recent review of practical
recommendations for implementing lower body plyometraning as a form of eccentric
training (Suchomel et al., 2019kgnd also with our systematic literature review of factors
influencing fatiguability and recovery from lower body plyometric training in the context of

prescribing rest intervalhapter 2).

The results of our experiment showed moderate significant effects of jump type on
mean and peak concentric velocities and jump height preferring the BJ condition (Table 13).
These differences could be results of sanificantly greater countermovementptlte peak
concentric power, and RFD associated with the BJ compared to the HJ condition (Tables 11
and 12).However our experiment cannot provide a definitieeplanationas to why these
differencesbetween thgump types emerged, given that there welentical obstacle heights

for both conditions, and neither condition resulted in a fatrgleged performance decrease.

Technical adjustments made in anticipation of different levels of impact force could
provide a plausible explanation for the observed {oterdition differences. Research has
demonstrated that individuals adapt their movements in anticipation of diffareditions.

For instance, they adjust lower body stiffness from the first step when transitioning between
running surfaces with expected differences in surface hardResss et al., 1999)or they

modify early RFD, concentric power output, and level of muscle activation when performing
bench throws with and without knowledge of the weight being (idechandezDavo et al.,

2015) Significantly greater concentric velocity and jump height in BJ compared to HJ in our
experiment could be resulting from adjustments due to much greater impact forces experienced
during the HJ or specific requirements and constraints due to the shépe abstacles.
Nonetheless, coaches should consider that even small differences in seemingly similar

exercises could influence an acute jumping performance.
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Our main hypothesis regarding this experiment expected significant decrease of
performance in the HJ condition due to larger eccentric loading compared to the BJ. The aim
of this experiment in the context of the dissertation project was to establishpiwtante of
correcting for impact forces when examining the effect of irgpetition rest durations on
fatiguerelated performance decreases in a set of repeated jumps. However, contrary to our
hypothesis, following the initial jumps, the performancebwth conditions significantly
increased. Specifically, P¥ RFD, mean and peak concentric velocity, peak concentric power,
and countermovement depth increased in magnitude (Tables 11 and 12). The plausible
explanation of these outcomes might be a paegati effect resulting from combination of

participantsdé training status and exerci se

Training status and training history are some of the key factors influencing fatiguability,
rate of performance loss, and recovery after exhaustive plyometric ex&kisgydas et al.,
2002) It hasbeen shown that individuals naiveplgometric exercise were able to significantly
improve their ability to maintain performanes., jump height and maximum isometric knee
extension torque) after only 1 to 3 plyometric sessi@nas et al., 2022; Kamandulis et al.,
2019; Miyama & Nosaka, 2007; Skurvydas, Kamandulis, Stanislovaitis, et al.,.2010)
Therefore, the protocol included in axperimenmight not have been exhausting enotayh
theparticipants included ithis experimensince theywerealreadyexperienced in plyometric
training That being said, these results should not be extrapolated to unexperienced trainees as
their response might be vastly different from the results reported in this chapter. Potentially
leading to acute performandecrease and causing lowered training effect and increased injury
risk (Chappell et al., 2005; Yu et al., 2020)

The observed potentiating effect could also be causethdspecific interepetition
rest duration used in this experimemhich was probabliong enough tpreventaccumulation
of fatiguebutshort enough to allowaintenancef acquired potentiatiofGouvéa et al., 2013)
This is in line with data on rest redistribution showing that short but more frequent rest periods
can reduce or prevent loss of jumping performance within a set measured via jump height,
power output, and takeff velocity (Moreno et al., 2014)urthermore, six continuous jumps
were shown to be effective in achieving jump height, estimated power, and flight time
potentiation when followed by sufficieahd individualizedest duration irtollegiate athletes
(CazasMoreno et al., 2021)Our findings agree with the outcomes of the aforementioned
studies. In our experiment, there was a period of approximately 2 minutes seghmastayt

of the intervention from the end of the waup which was instrumentdbr setup ofthe
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measurement deviceblowever, this period of inactivity might have been long enough to
inhibit positive effects of preceding warap and therefore explain tsaboptimal performance

from the early stages of the intervention. The factors discussed above then probably allowed
participants to regain the lost potentiation and maintain it throughout the intervention.

This experiment aimed to evaluate the effects of Jeffbrt repeated jumps with
different magnitudes of impact forces upon landing on fatrglegted changes in taladf
performance ando provide insights for the design and interpretation of the following
experiment examining the effect of intepetition rest duration in repeated jumidswever,
the results did not show this effect which might be related to several limitations of this
experimentFirst, the magnitude of impact forces might have beerldw to lead to fatigue
accumulation and in turn cause significant decrease ofdfikperformance.Although
previous research suggests that even in case of including higher ofi¢étetteed et al., 2022)
or choosing more intense exerciseg(eDJ) (Miyama & Nosaka, 2007)he impact forces
would likely remain similarSecondthe exercise volume performed in this experiment was
lower than current recommendations fatandalone plyometric protocols$50 and >40
repetitionsper training sessiqrrespectively (Saez de Villarreal Saez et al.,, 2009, 2010)
however, the effectiveness@ienlower volumes (7 to 36 ground contacts per training session)
was shown when performed on multiple occasions per week and supplemented by other
strength and conditioning metho@Sook et al., 2013; Loturco et al., 201%)hich is typical
for realtlife training programginally, rest duration has been shown to be one of the key factors
influencing fatiguepotentiation effects in jumpin@CazasMoreno et al., 2021; Lowery et al.,
2012; Wilson et al., 2013 hereforejt is possible thashorter inteirepetition rest durations
would be necessary to observe impaired performance due to cumulative fatigue in our
experimental samplé.he interrepetition rest duration in this experiment was selected based
on pilot testing as the shortest intepetition rest duration deemed safe to perform landing,
regaining stability, steppingackwardsver the hurdle or off the box while holding the dowel
across the shoulders, and to assume the proper position before the next repetition. Therefore,
using D-second timer resulting in jumping frequency of 6 jumps per minute with ~8 seconds
of interrepetition rest would be realistically applicable and safe in training praCicéhe
other handreplicating this experiment using greater jumping frequency in safe manner to
teaseout higher levels of cumulative fatigweuld provide some valuable insights for training
practice. This would be possible by substituting linear position transducer with wireless

accelerometebased device or 3D kinematics and themfiemoving the constraints of the
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wire attached to the dowel, also allowing the participants to use arm dwirigermore, it
would be valuable to eliminate the ndedeturnto the starting positioafter every jumpThis
could be achieved bgerforming multiple consecutive jumps by usiogps overmultiple
hurdlesor jumps up the set of stairsr up the multiple boxes of increasing height

8.3 Effects of interrepetition rest duration across a set of repeated jumps

The results of the experiment associated with the second data collection swpport
primary hypothesis, indicating that an increase in hnggretition rest duratiowithin a set of
plyometric lower body exercise could have a protective effect against acute fetigied
reductions of jumping performance. Similarly, increased 4rgpetition rest duration could
help manage the magnitudes of physiological responses, RPE, and recovery .dliretion
participants reported significantly lower subjective répa, measured via RPE scale,
following the experimental protocols with longer intepetition rest durations. No differences
in RPE were reported only between ROc and ROi,ketdbeen R8 and E12 protocols. In fact,
the effects of ROc and ROi protocols were similar for most of the dependent vaAdiblesig
ad4secondinter epeti tion rest duration increased pa
performance, lowered physiological responses, and shortened recovery durations. However,
increasiy the intefrepetition rest duration to 8 seconds had only marginal benefits, including
lower RPE, lower blood lactate concentration, lower peak heart rate, and faster heart rate

recovery.

Our results align with previous research demonstrating significant positive effects of
longer intefrepetition rest durations on maintaining performance and reducing markers of
cumulative fatigu¢Chamari et al., 2001; Kramer et al., 2019; Moreno et al., 2014, Pereira, de
Freitas, et al., 2009; Pereira et al., 2008; Pereira, Morse, et al., 2008).gh, some of the
previous studies focused mainly on the ability of longer4irgpetition rest duration to increase
the number of jumps to failur@ereira, de Freitas, et al., 2009; Pereira, Morse, et al., 2009)
and using repeated jumps as a conditioning mod@fitgmer et al., 2019)In contrast, our
experimentimed to explore the potential of int@petition rest to optimize explosive strength
training, similar to two aforementioned studighamari et al., 2001; Moreno et al., 2014;
Pereira et al., 2008)

One ofthese studies demonstrated that 14 to 17 seconds efaptition rest allowed
competitive volleyball players to reach physiological steady state during 30 volleyball spikes

(Pereira et al., 2008T he physiological steady state in this study was determined via heart rate,
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blood lactate concentration, and number of repeated jumps to failure. Additionally, the authors
concluded that an-8econd rest was too short, and as20ond rest was unnecessarily long for

the given taskHowever, the authors mention unpublished pilot stoa@sed on which the-8
second rest duration was set. The reported outcome of this pilot study showed that the durations
shorter than &econds led tomportant changes to subsequent performahaegdsecond rest
allowed sustained performance throughbetset of 30 repeated spik€ansidering the results

of study by Pereira et al. together with the outcomes of their pilot testingesultsshow

similar outcomesBeing that to 8 seconds of interepetition rest auld sustain maximal effort
jumping performancecross 50 CMJs, with no further benefits seen with -aet®dnd rest
duration. Neverthelesst is important to stress that the aforementioned study maigly
searching for physiological steady sta@gin our case, maintaining high levef performance

while not putting much emphasis on achieving physiological steady Btateermore, there

were somalifferences indemands of the experimental tadksour experiment the participants
simply remained in upright standing position buthe study by Pereira et al. the participants

had to perform a run up preceding every juwipch required them tambulae back to the
starting position after every epetition Lastly, no target was used in our experiment, the
participants were only instructed to jump as high as possible on every repetition and an external
verbal motivation was provided by researchers throughout the trial. On the other hand,
participants irPeriera et al. wereequired tospike a volleyballtossed to a target height by an
experienced person, which could have provided higher motivation but simultaneously

introduce higher demands as the position of the ball could vary slightly between the repetitions.

The studyauthoredoy Moreno et al(Moreno et al., 2014Yyeported that using cluster
sets (4 sets of 5 jumps with 30 seconds of is&tirest and 10 sets of 2 jumps with 10 seconds
of interset rest) was an effective strategy in preventing the loss of poweipffakaocity,
and jump height across 20 CMdswpared to a traditional set configuration (2 sets of 10 jumps
with 90 seconds of inteset rest)Additionally, the authors note that the wertkrest ratio was
much larger in the traditional sgit:9) compared to botbonditions involvingcluster set(1:6
and 1:5) This could have impacted the power output of individual repetitions as it fell much
below the baseline in later staget eachtraditional ses but recovered fully for initial
repetitions of the second set. On the other hardyster set conditions the power output never
fell as low as in traditional set but remained slightly below baseline for most of the repetitions
(Moreno et al., 2014)he results of our experiment show performance being sustained across

all 50 repetitions with interepetition rests of 4 seconds whigtelded work-to-rest ratio
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between 1:2.6 and 1:dependingn aduration ofsinglerepetitionfor individual participants
Additionally, no major benefits were seen in our experiment whenworkto-rest ratios
increased to valuesanging from1:5.3 to 1:8 in the condition involving 8-second inter
repetition restwhichwere most closely resembling those reported by Moreno et al. However,
breaking sets of continuous jumps into discrete repetitions separated by a rest interval leads to
slower eccentric velocities, as shown in the Figures 23 and 24 above, consequently resulting in
lower pretension and decreased effectiveness of stghdnening cycle(Moran & Wallace,

2007)

The pretension during continuous CMJs is greater than that in a single CMJ due to a
faster eccentric phase and greater ground reaction force resulting in larger involvement of the
series elastic components and stretch reflexes to augment jumping pec®(Mianl et al.,

2006; Turner & Jeffreys, 20107 his positive effect of a rebound jump is partially lost when
performing discrete CMJ repetitions; howeversé#ems to be compensated by increased
available training volume due to the delayed onset of fatiglaged performance impairments
(Figures 17, 20, 21, and 22). This is supported by previous research, showing significantly
increased number of jumps to faé associated with longer intepetition rest durations
(Pereira, de Freitas, et al., 2009; Pereira, Morse, et al.,.2009)r experiment, we attempted

to compare continuous jump (ROc) with intermittent jumps (R4, R8, and R12). Although, due
to large differences in stretahortening cycle intensity and an additional squatting movement
required to reach upright standinggture after each repetition of intermittent jsmp
Therefore, we included a fourth intermittent condition with no passive-ri@patition rest
(ROIi). The ROi condition bears little resemblance to-liéatraining practices compared to the
other protocts but serves as a bridge between the continuous and intermittent conditions.

Contrary to our expectations, comparismtween th&0c and ROi conditionevealed
no particularly important differences initial performance (G1 in figures 17, 20, 21, and 22),
performance changes related to cumulative fatigue (Figures 17 to 24gxposise recovery
(Figures 25 to 28), or perceived exertion (Figure 29). Tagtors could potentially explathe
lack of differences between ROc and ROi conditions: I) greatetepston in ROc having a
smaller than expected positive effect, or Ilstpositive effect being evident only during the
initial ~2-4 repetitions, in which case this effect could be maskednalyzingthe average

values of five consecutive repetitions.
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In the context of training efficacy, our results suggest thasecénd interepetition
rest duration for up to 50 CMJs yields the most benefits if fatigue reduction is the goal. Only
marginal benefits seem to result from doubling the rest duratiosg¢odhds, which might not
be worthwhile when considering the significant increase of total exercise duration. Given the
substantial difference in outcomes between 0 and 4 seconds efejpégition rest, attention
should be turned to the rest duratiotiénfy this gap. A study examining-,12-, and 3second
inter-repetition rest would be valuable for broadening our understanding of thewthyee
relationship between exercise volume, irgpetition rest duration, and cumulative fatigue in

vertical jumpirg.

The limitations of this experiment involule analysis of averaged data from five
consecutive jumps. While this approach facilitated reduction in the number of data points
enhancing clarity of results, it simultaneous#yl to some loss of detail. Furthermotigis
experiment would benefit from additional conditions including Hnégretition rest durations
of 1, 2, and 3 secondsi@exercisevariationssuch as drop jumfrom a height matching
participantos m aviiiadh mauld pr&idel fasthseréchgshottening cycle
performed in intermittentfashion and therefore resolve aforementioned problem with
mismatched stretebhortening cycle intensity between continuous and intermittent CMJ.
Unfortunately adding those conditions was beyond our possibilities in this experiment as those
would dramatically increase the number of visits and amount of testing material needed. We
originally planned to include measurements of ground reaction forces; howeves, iitotva
possible as only portable force platforms were available during the data coleletobrnwould
disproportionally increase the injury risk due to creating relatively small landing area slightly
elevated above the surrounding flooring. Because we expesigdificantincrease of fatigue
during some of the experimental conditions, we deemed such landing conditions inappropriate.
Additionally, the 15minute postintervention recovery period proved insufficient for capturing
the complete recovery of the conditions generating the highest levels of fatigue. It could be
valuable, for future research, to ileament an extended recovery period. That being said,
incorporating multiple CMJs throughout the recovery period would be valuable to track the
recovery of jumping performance, providing a complementary perspective to the assessment

of physiological varialds.
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8.4 Effects of athlete characteristics on jumping performance.

The correlation analysisevealed severaignificant relationships betweanaximal
jumping performance and anthropometric characterigfgpendix 4) However, mone of
these relationships were strogail r 00.62) Only one correlatiori between lower leg length
and jump height showed asignificantmoderate positiveelationshipacross all three jump
types(BJ, HJ, and CMJ)herefore, our hypothesis regardihg effects obody fat percentage
and body weighon jumping performance was not supported

Our results add tthediversebody ofresearcton this topic For examplea significant
positive moderate correlatiavas reportethetween CMJ performance and body fat percentage
in professional male athlet¢Emamian Shirazi et al., 2022}onverselypther studies found
no relationship between body fat percentage and @aight (Ishida et al., 20219r power
outputs during SJ and CMd young male soccer playe(shida et al.,, 2021and female
Division | volleyball playergLegg et al., 2021)The discrepanesin these outcomes might be
influencedby confounding factors such as training status, training history, or kinematic aspects
of the jJump(eg., speed and depth of countermovempasitions of main body segmenggc)

Similarly, body masswvas not correlated with CMJ performan&mamian Shirazi et
al., 2022) but showed significant moderate positive relationship with peak power generated
during CMJ thoughnot in unloaded S{shida et al., 2021)The benefits of greater body mass
for power productiorduring acountermovementnay stem fromthe increasedpotential to
generatehigh preaensionin the series elastic componeduring the stretch shortening cycle
(Turner & Jeffreys, 2010)

The significant positive correlations between the lower led length and jumping height
in all three jump types could be due to biomechanical advantadesger shank likely helps
generate greater tension in the Achilles tendon and plantar flexor muscles by providing a larger
lever during the eccentric and amortization portions of the countermovelnéas been
shown thatipowerfulpre-stretch ofan active muscle within musetendon complex res@lin
greater power outputgéKomi, 2003) However,our finding contrasts with the outcomes of
previous study, which found that foot length, but notithie length, was a significant predictor
of vertical jump performancm recreationally trainedhen (Davis et al., 2006)Thus, while
certain anthropometric parameters might influence vertical jump performance, our analysis did

not establish a strong enough link to make confident pracécammendations.
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The second part of oucorrelation analysis explorethe relationships between
anthropometric characteristics (height, weight, fat percentage, leg length, atehddy
discrepancy) and performantass during 50continuousCMJs. As with maximal jumping
performance, anthropometric characteristegpeared mostlyunrelated to performance
changesluring and aftea fatiguing set of continuous CMJdowever,there were significant
moderatenegative correlations between RPE and both body height and body wdiigbtigh
previousstudy evaluatingherelationship between anthropometric parameters and RPE during
smallsided basketball games in childrefound these correlatiors to be inconclusive
(Clemente et al., 2019Besides RPE, body height and weight displayed moderate relationship
with changsin blood lactate concentration during recovangmuscle contraction time from
the 5™ to the 10" minute of recovery, respectiyelTaller paticipants might be more effective
atclearing blood lactate after exercisehile heavier participants mightte faster atestoring
their muscle contraction time tbaseline levels (Figure 28Mowever, data ofindividual
participants show that this might not be the case. Instead, blood lactate concentration continued
to increase throughout the p@stercise recovery for most participants and decreased only in
4 out of 14 participants (Figure 37Aurthermorechangesn muscle contraction times from
the 5" to 10" minute postntervention weraminimal compared to other time points (Figure
37B).

A significant moderate positive relationship between heart rate and body fat percentage
indicated that individuals with higher relative adiposity might experience greater acute
increases in heart rate during continuous jumps. This relationship, caladatgdhe absolute
increase in heart rate, was not influenced by iimevidual differences in prentervention
heart rate, as there was a weak,-smmificant relationship between body fat percentage and
pre-intervention heart rate (r = 0.31, p = 0.283tudies on the relationship between body fat
percentage and heart rate changes during and after exercise have reported mixed outcomes. For
example, a study reported significantly lowered heart rate during a treadmill test in morbidly
obese patients frorbefore to one year after bariatric surgery, which resulted in significant
reduction in body faiSerés et al., 2006pther studies found weak, nemgnificant relationship
between body fat percentage and heart rate recovery following an incremental treadmill test in
healthy adultgJezdimirovic et al., 2017}¥ignificant moderate negative relationship between
body fat percentage and heart rate recovery aft@uallWingate test in professional cyclists
(Campos et al., 2012and significantly greater decrease of heart rate following treadmill ramp

test in normakveight compared to obese older ad¢@®ndoni et al., 2009) astly, body fat
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percentage was significantly negatively correlated with fatigue index during multiple repeated
sprint ability test in young elite badminton playé&dogan et al., 2022)Conversely, in our
experiment, body fat percentage was not significantly correlated with changes in any of the
jumping performance metrics measured (Appendix 5).

Figure 37.Body height and change blood lactate concentration during pastervention
recovery in individual participants (Axndgroup meart SD and individual data of changes

in muscle contraction timat different periods during the experiment (B).
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Leg lengthdisplayeda significant moderate positive correlation with changes in
countermovement depth during the fatiguing jenpdicating that longer legelative to body
heightmight be associated with more pronounced deepenitigea@ountermovement in the
late stages of theet However,the range ofeg lengtls was verysmall within our samplé
with the minimal and maximal leg lengtheparateanly by 3.4 percent of bodiieight(50.4
to 53.8 %) possibly lowering the practical relevaawf thisrelationship. Similarly, leg length
discrepanieswere generallygmallwithin our sampl€ranging from 0 to 1 ciresulting in no
significant correlationsvith any dependent variable®/hile no exact cutofffor leg length
discrepancyeading tofunctional and healtproblens exists(Gross, 1978)iscrepancies less
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than 2 cmare generallywell tolerated without treatmerfGordon & Davis, 2019; Gurney,
2002; Walsh et al., 2000)

Training experience and maximal CMJ height showed no significant correlations with
any dependent variablesthe second data collectigAppendix 6) WhereadJ performance
resulted in moderag¢ significant positive correlation with changes in blood lactate
concentrations during recoveluggestinghatbetter jumperexperiencd eithera plateauor
further elevabn inblood lactateoncentrationunlike participants wittower DJ performance

who tended to clear some accumulated blood lactate or erpetiro changes.

A fatiguing set ofrepeatedvertical jumpssignificantly elevate blood lactate levels
(Manoj [EoViul j @Gowedr, thée)s limitedevidenceon postexercise blood lactate
metabolism reladto jumpingabilities The further increasm blood lactate levels during pest
intervention recovergbservedn most participants in our experiment coulddoe tothevery
high intensity of the experimental taskhich involved 50 repetitiongerformedwithin avery
short duration (~1 minute). Th&hortduration might not besufficient to detect peaklood
lactate concentratiofiom the fingertip, as this sampling sigedistant from thedg muscles
which would be responsible for producing most of the blood ladiatieg jumping Results
from astudy on blood lactate levels followirige Wingate test shova similar pattern,with
blood lactate continuing to rise duritfierecovery periodinddroppingafterthe 8" minutein

most participantgOztirk et al., 1998)

However,it is not clear why a similar relationshiypas notpresent for SJ and CMJ
performarce The key difference in these jump types is the magnitudesdénsion preceding
the concentric portion of the takdf phasgMcBride et al., 2008)This indicates that the ability
to manage ankbveragegreater preaension via stretchortening cycle could be an important
factor. Although more research is needed to test this treayexplainits mechanism®of

influence

SJ performancewas significantly correlated with multiple dependent variables
Specifically, there werestrong negative relationships with changes in mean concentric velocity
and heart ratduring theexperimental protocol, moderate negative relatiorshifh changes
in peak concentric velocity, and moderate positive relationships with changes in mean and
minimal eccentric velocities during the experimental protoesl well as muscle belly
displacement from 1 to Ifdinutesof recovery These resultdicatethat a higher level of SJ

performance was related to greater decreases in movement speed during both concentric and
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eccentric portions dhe takeoff phases during the experimental protocol. Simultaneously, it
wasassociated witemaller increases imeart rateluring the experimental protocol and greater
increase of muscle belly displacement during initial 10 minutes of reco&ergf now, the
underlying mechanisms responsifile theserelationships associated with SJ performaaree
unclear However, similar tahe discussion involving Dperformancewe assume that one of
these factors could be the ability to effectively implembastretchshortening cycleThis is
eliminated inSJ variatiorby prolonged isometric hold at the bottom of doeintermovement
precedinghe concentric phase of talaf (Van Hooren & Zolotarjova, 2017)

Finally, several variables were significantly correlated witback squat 1RM
performancend back squat loaeklocity profile.Both absolute and relative back squat 1RM
were moderately negatively correlated with changes in countermovement depth during the
experimental protocoBpecifically, individuals withhigher absolute and relative maxinhed
strengthexhibited minimal changes in countermovement depthereasthosewith lower
strengthevelstended to use deepssuntermovement depih later stage ofthe experimental
protocol. A possible explanation mighte that stronger individuals r@ inclined towards
training modalitiesthat mimic the movement patternssed in CMJ thus enhancingheir
training status and experience with such movemdhtshis is the casethen stronger
individuals mayfind it easier teselectan optimal countermovement deplarly in the seand
maintainthat depth evewhen fatigued

Additionally, relative back squat 1RM was strongly positively correlated with, RPE
indicatingthat stronger inlividuals tended to experience higher levels of subjective exertion
This couldoedue to suspectadifferences irhabitual trainingoracticesamongour participants
All participants were experienced in resistance trainmgeting the inclusiomriterion of
relative back squat 1RMqual to or greater thatheir bodyweight However the relative
strength ranged from 1.3 to tines thé& body weight.Furthermore the diversesporting
backgrounds in our samghent that while strength training was commorpart oftheirtraining
regime, thespecific methods, aims, and r@ef strength trainingikely varied between
participants Since training historyhas been linked tsession RPEBarroso et al., 2014;
Winborn et al., 1988)future researcleould benefit froma more detailednvestigationof
part i dabpual strergyt trainingractices

The slope otheback squat loadelocity profilewassignificantly correlated only with
changes in heart rate during the experimental protocol. mbderate positiveorrelation
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indicateghatasteerloadvelocity profilei defined asmgreater reductiom mean concentric
velocity per unit of added loddwas associated withlower increase of heart rate throughout
the fatiguing plyometric intervention.his could be similar to th effect seen witlmaximal
strengthwhich could be related tine nature of habitual training and its specific adaptations.
Training involving higher volumes ddwer resistancplyometric action®r intermittent bouts
of short higheffort actions, sch as in team sportsd longdistance runningwould closely
resemle the requirements of our experimental protoaad likely result in steeper load
velocity profiles (Sheppard et al., 2008pn the other handraining involving actionggainst
higher resistangesuch adraining for maximal strength developmemiould likely create
adaptations whichvould result in minimal decrease of velocities with incieg®xternal
resistance therefore,a flatter loadvelocity profile (Sheppard et al., 2008Yhus, lower
steepness of loagklocity profilemight indicatdess trainingexperience witlspecificphysical

demandsmposed bythe set of 5@ontinuous CMJs.

Analysis of subgroup data revealed some significant differences, although small sample
size exposes these resultshtgherrisk of type Il error. Therefore, some of the comparisons

discussed in the following paragraphs migatfalsely indifferent.

Splitting our sample into subgroups based on the level of maximal lower body strength
relative tothei ndi vi dual 6s body we idgcreasedshoth highetand h at
lower strength subgrosgAppendix 7) However, the decrease reaclaegignificart level only
in the higher strength subgroup. This could béeeted by a significant deepening of
countermovemerthroughout the experimental protocol in the lower strength subgfidwe
deeper countermovement cotlaveled toasmaller loss o€oncentric and eccentric velocities
in the lower strength subgroughroughout the intervention, demonstrated by-sigmificant
and significantarge effects of strength level oconcentric and eccentrielocity changes,
respectively. The lbwer strength subgroup also demonstrated significantly lower RPE
compared tothe higher strength subgroup, which could be influencedth® aims and
parameters of participants o6 Ruaheimore thérewereai ni n
no significant differencein ime to peak velocity, blood lactate concentration, heart rate, and
localized muscle contractile properties betweedhe higher and lower strength subgroups.
Similarly, none of the dependent variables differed between subgnatipligher and lower

steepness dheback squat loagelocity profile (Appendix 8).
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Subgroups based on SJ and CMJ performayieéddedvery similar results (Appendes
9 and 10, respectively). In both cases, jump height at the beginning of the intervention was
significantly greater in the higher jump subgroup. Then jump height significantly decreased in
both higher and lower jump subgroups throughout the intervertidthe differences in jump
height between subgroupsthefinal stageof the intervention were insignificariResults for
mean and peak concentric velocities were anal®gouhose of jump height. Initially, there
werelarge effecs of performancdevel, with faster velocitiesn the higher jump subgroups
Both subgroups significantly decreased concentric velodtieag the interventiorresuling
in nonsignificant differences betweeubgroupsat the end of the interventioAlso, there
were nonsignificant large effects foa greater loss of speed duriegcentric portion of a
countermovement in the higher jumpers compared to the lower jump subgroups throughout the
intervention.Lastly, there were large betwesubgroup effects fogreaterpre-intervention
heart ratein the higher jumping subgrowpHowever, there wreno differencsin heart rates
between subgroups at the end of the interverammhafter 5 minutes of recoverResults of
previous stueks show similar outcomes between jumping abilities and anaerobic power
assessmeras there werpo differences in fatigue index and peak heart rate dthialyingate
test between groups of yountplevolleyball players differing in their jumping performance
(Nikolaidis et al., 2017)Also, there waso significant correlatiorbetweenthe fatigue index
derived frontheWingate tesand both SJ and CMJ performamtadolescent and adult female
volleyball playergNikolaidis et al., 2016)

Outcomes of gbgroups based on DJ performauiiféered from thosef SJ and CM,J
showing a nonsignificant moderate effect for greater loss of concentric velocittyahigher
jumping subgroupHowever this wasnot coupled withany otherdifferences icludingjump
height, eccentric velocities, RPE, heart rate, blood lactate concentmationscle contractile
propertieg Appendix 11) We believe that this difference might result from the generally low
ability of our sample to utilize higher ptensionassociated witllrop jumpsMcBride et al.,
2008) as seenby the lower mean performance in DJ compared to C(able 10)
Furthermore, subgroups based on #mount of performance potentiation gained from
incorporating the stretchshortening cycle (i.e.the difference between SJ and CMJ
performance)showed nossignificant moderate effects for greater loss of eccentric and
concentricspeedn subgroups with lower potentiatigdppendix 12) Therefore, it might be
beneficial to possess greater ability to effectively utibvated préension via thestretch

shortening cycléo reduce loss of performance during continubigdreffort jumping tasks
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Although our sample might not be heterogenous enpoghhis effect might not be large

enoughto conclusively confirm or reject this without greater statistical power.

9 General summary and conclusion

The outcomes of thexperiments included in thidissertatioroffer several important
takeaways for training practiemdfuture researchlhe first experimentyhichcompaedthree
commonplyometricexercisesgemonstrated that jumpstora box of similar height to thaif
a maximal CMJ performance coulddue peakimpact forces by approximately 50 percent
compared toHJ and CMJ. Thisfinding haspractical implicatios for load management,
especially during periods aicreaseccompetitve load andfor athletes witHower tolerance
to eccentridoading Furthermore, tld experimentevealedhatovercoming an obstacle in BJ
and HJ led to significant adjustments in kégkeoff variables, such as shallower
countermovement depth, shorter time to peak concentric power ityweand greater peak
horizontal force compared to CMJMeanwhile, other key parameters peak and mean
concentric velocity, peak vertical and resultant force, rate of force development, and total
impulsion timei remainedunaffected Thereforethe presence of an obstacle mainly altbe
direction of force productioand the countermovememeasured aheverticaldisplacement
of theshouldes. However, the similamagnitudesnd rates of resultant takdf forces as well
as similar concentric velocitiesuggestthat these jump typesight provide comparable

stimuli for explosive strength training of lower extremities.

The second experiment aimeddeterminevhetherreduced peak impact forces could
reduceperformancdossesdue to cumulative fatigue during a set of repeated vertical jumps.
The outcomes do not support our hypothesis that redimipgct forcesvould be beneficial
for managng fatiguerelated changesas ro loss of performance was observeéa the HJ
condition.Interestingly both the BJ and HJ conditions displayeitial potentiation followed
by stabilization of jumping performancehis was likely dued ~8 seconds ahter-repetition
rest durationwhich was probably sufficiento preventbuild-up of cumulative fatiguein

individualsexperienced iplyometric training

The third experiment highlightke effectiveness omanipulatinginter-repetition rest
durationto delayacuteonset ofatiguerelatedperformanceleclineduringrepeated higleffort
CMJs. As expectedconditions without interepetition resled to a rapidonset of negative
changeswhich continued throughout the intervention. However, no particularly important
differences were observed between the variatiiasacterized by higher and lowatersity
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of the stretchshortening cycle Conversely,a 4-second interepetition rest enabled
performance to be sustained across the whole set of 50. Gidd=asingnter-repetition rest

to 8 and 12 secondarther reduced perceived exertioloweredpostexercise blood lactate
concentration, and increased jump height during the intervention. However, coaches should
consider the cost and benefits of such programming decisieedendingnter-repetition rest
beyondwhat isnecessarill prolongexercise duratin without additional training benefits.
Consequently, based on our data, coaches and ataieteg) to enhance lower body power
through repeated CMJs can effectively maintain performance, minimize subjective exertion,
andensurean effective use of training time with asécond interepetition resin active young

men experienced in plyometric training.

Lastly, the correlation and subgroup analyses pravidsights into the complex
relationships between anthropometric characterigtioger extremitystrength levels, jumping
performances, and ability tesist loss operformanceacross a higivolume set of continuous
jumps Significant moderatéo strongcorrelations were identifieduch as between lower leg
length and jump height, and betwesguat jump performance and velocity changes during
continuous jumpsHoweverreplication of these resulésdexploration of potential underlying
mechanismge.g., habitual training practiceshould precede formulaty concrete practical
recommendations. Our findings underscorenthatifactorial nature of maximaandrepeated

jumpingperformance.
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