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Abstract

This study aimed to i) identify key performance indicators of professional rugby matches, ii)

define synthetic indicators of performance and iii) analyze how weekly workload (2WL) influ-

ences match performance throughout an entire season at different time-points (considering

WL of up to 8 weeks prior to competition). This study uses abundant sports data and data

mining techniques to assess player performance and to determine the influence of 2WL on

performance. WL, locomotor activity and rugby specific actions were collected on 14 profes-

sional players (26.9 �“ 1.9 years) during training and official matches. In order to highlight

key performance indicators, a mixed-linear model was used to compare the players' activity

relatively to competition results. This analysis showed that defensive skills represent a fun-

damental factor of team performance. Furthermore, a principal component analysis demon-

strated that 88% of locomotor activity could be highlighted by 2 dimensions including total

distance, high-speed/metabolic efforts and the number of sprints and accelerations. The

final purpose of this study was to analyze the influence that WL has on match performance.

To verify this, 2 different statistical models were used. A threshold-based model, from data

mining processes, identified the positive influence (p��0.05) that chronic body impacts has

on the ability to win offensive 1 on 1 duels during competition. This study highlights practical

implications necessary for developing a better understanding of rugby match performance

through the use of data mining processes.

Introduction
Rugbyunion (RU) becameaprofessionalsportin 1995andhassincecomeacrossmultiple
ethicalandfinancialissues.Theincessantincreasein gameintensityandcompetitivedemands
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(i.e.promotion-relegationchampionships),amongotherfactors,hasgreatlycontributedto
enhancedrisksof injury andnon-functionaladaptations[1,2,3].Optimizing physicalpre-
parednesshas,therefore,becomethemainconcernfor teamstaffs.Workload(WL) monitor-
ing, its' managementanddevelopingoptimaladaptationalcapabilitiesareimportant
parametersto considerin eliteteam-sportenvironments[4,5]. Indeed,manystudiesdemon-
stratetheinfluenceof weeklyworkloads(2WL) on acuteandchronicphysicalperformance,
physiologicaladaptationsandinjury risksin eliterugbyplayers[6,7].

In spiteof thecorrelationsbetweenWL, performance,andmoreparticularlyphysicalper-
formance,whicharecommonlyacceptedin teamsports,veryfewstudieshavesuccessfully
establishedtheserelationshipsin acompetitivecontext[8,9].Oneof themain reasonscertainly
residesin thedifficulty to identify andevaluatethekeyperformanceindicators(individual and
collective)in team-sports.Nevertheless,for sometime now,variousstudiessucceedto reveal
sometactical,technicalandphysicalkeyperformanceindicatorsduring RUgamesatdifferent
agecategoriesandlevelof play[10,11,12].Furthermore,elementsof researchoutlinesome
individual technicalskillsasbeingdirectlycorrelatedto playingperformance.Ortegaetal.
[13] andDenHollanderetal.[14] demonstratedthat thepercentageof successfultackles,the
amountof defensiveline breaksandthenumberof offensiveduelswon (tacklebreaks)posi-
tively influencedindividual andteamperformanceduring RU matches.

Otherreasonfor thecomplexityof studyingWL andits' effecton gameperformanceis the
elaborationof avalidandreliablelongitudinalmonitoring protocol(training andcompeti-
tion). Indeed,accordingto Fernandezetal.[15], ªPhysicalperformancehasnot yettaken
muchattentionfrom theresearchcommunity,dueto thedifficulty of accessingthis informa-
tion with thesamedevicesduring training andcompetitionº.Forafewyearsnow,microtech-
nology(GPSandinertial sensors)usedin rugbyhasmonitoredactivityduring training and
matcheswith acceptableaccuracy[16]. Noveltechnologyhasprovidedthepossibilityof col-
lectingsportspecificdata;individual (internalandexternalparameters)andteam(matchanal-
ysis)statistics.Thesetrackingmeansprovidestaffwith alargeamountof datato analyze.
Appropriatemodellingof training WL andperformance(in acompetitivecontext)isneces-
saryto giveapracticalmeaningto thisdata[17].

Themainobjectiveof thisstudyis to demonstratehowWL influencesgameperformance
(individual andcollective)in shortandmoderatetermsduring aprofessionalRUseason.
However,asmentionedabove,studyingtherelationshipsbetweenWL andmatchperfor-
mancerequirespreliminarysteps.Hence,theintermediateobjectiveswill bei) to identify key
performanceindicatorsduring professionalRUmatches,ii) to elaboratesyntheticindicators
of performanceasto facilitatedataanalysis,iii) andfinally to analyzetheinfluenceof 2WL on
changesof matchperformanceduring anentireseason.

Material and methods

Participants
FourteenprofessionalRUplayers(6 forwardsand8 backs)(age:26.9� 1.9years;height:
185� 7.9cmandweight:97.6� 13.2kg)volunteeredto participatein thisstudy.All players
hadbeenplayingprofessionallyfor severalyears(experience:137.1� 73.4professional
matches)andwereactivemembersof thesameteam(CA BriveCorrezewhichtook partat the
1st professionaldivisionof FrenchchampionshipÐTop14).All subjectsgaveinformedcon-
sentto participatein theexperimentin accordancewith theDeclarationof Helsinki.Thestudy
protocolwasconductedwith thesupportof medicalandtechnicalstaffsof theprofessional
team.Finally,thestudyrespectedtheethicalguidelinesof theRennesuniversityandresearch
laboratoryassociatedat thisstudy.
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Procedure
WL andmatchactivityof 14playersweremonitoredthroughoutaprofessionalRUseason.
WL parameterswereobtainedfrom differentmethods(S-RPE,heart-rate(HR) basedmeth-
ods,andGPStracking).WL parameterswereanalyzedwith differentweeklyrolling averages
(up to 8 previousweeks).RugbymatchactivitywasassessedbyGPStracking(locomotoractiv-
ity) andcompletedwith videoanalysisto identify sport-specificactivity(tacklecount,duels
won,. . . SeeTable1).Teamperformance(victory vsdefeatandpositivevsnegative)wasana-
lyzedto highlight thekeyperformanceindicatorsduring eliteRUmatches.Datamining and
datamining processeswereusedoncedatacollectionwascompleted.Thisstrategywaselabo-
ratedto identify keyperformanceindicatorsandto underlinetheinfluenceof WL parameters
(acuteandchronic)on RU performance.

Rawdatacollection
ThegeneralorganizationandWL distribution during thisseasonwaspresentedin aprevious
study[6]. Theseasonlasted48weeksincluding8 pre-seasonmicrocycles.Thecompetitive
phase(40weeks)contained32officialmatches.To reachtheobjectivesof thispresentstudy,
internalandexternalWL werequantifiedduring training andmatches.During matches,per-
formanceandphysicalactivitywereassessedbyamicrotechnologicalsystem(SPI-HPU,5 Hz,
GPSport,Australia),andthoughvideoanalysis.Videoanalysiswasusedto recordrugby-spe-
cific activity:attemptedtackles,successfultackles,defensiveline breaks,ruck participation,etc
(Table1).Teamperformancewasidentifiedfrom matchresults(victory vsdefeat)to which

Table1. Listing of specificactionsrecordedandqualified by videoanalysis.

Actions Abbr Units
abbr

Description

Tackleattempted T n Numberof tacklesattemptedduring thematch.

Successfultackle ST n Numberof tacklescompleted,whentheplayersblocktheoppositeplayer
whocarriedtheball.

%of tackle
successes

%ST % Thepercentageof tacklecompleted.

Offensivetackle OT n Numberof tackleswheretheplayer,in defensivecontext,pushesbackthe
ballcarrier.

Ruckparticipation Ruck n Numberof timeswheretheplayerarrivedin ruck to allowtheattacking
teamto conservetheball.Only the3 first ruck participantswerecount.

%of ruck
participation

%
Ruck

% Ruckparticipation relativizedto thenumberof rucksperformed by all
theteam.

Number of balls
played

BP n Numberof ballsplayedby theplayer.

Meterswon M
won

m Numberof meterscoveredby theballcarrierin directionto thetry line
(only whentheplayergainsgrounds).

Offensivedual
won

ODW n Numberof timeswheretheplayersbeatthedefenderin breakingthe
tackle.

Line break LB n Numberof timeswheretheballcarrierbreaksthedefensiveline.

Penalty Pen n Numberof penaltiesconcededby theplayer,signaledby therefereeof the
match.

Activity score Act Sc n.min-1 Numberof specificactionsmentionedaboverelativizedto theball-in-
playtime.

n: number;min: minutes;%:percentage,m: meters,n.min-1: numberof actionsbyminute.

https://doi.org/10.1371/journal.pone.0228107.t001
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wasaddedanothertypeof classification(cf. ªBritannicRankingº,seebelow)whichconsiders
theinfluenceof matchlocationon results[18].

Workloadquantification:Throughouttheseason,WL wasquantifiedduring eachtraining
sessionusingdifferentmonitoring methods:session-RPE(S-RPE= RPE(CR-10Scale)x ses-
sionduration(expressedin min)) [19], HR-basedmethods(i.e,TRIMPS;PolarT34,Polar
Electro,Finland).ExternalWL wasassessedwith theuseof electronicperformanceandtrack-
ing systemswhich includedGPSandmicrosensortechnology(accelerometers,gyroscopesand
magnetometers).2WL wasdefinedasthesumof WL of eachsessionincludedin themicrocyle
(in thepresentcase,all matcheswereheldon Saturdaysanda1-weekmicrocyclecorresponds
to aMonday-Sundayworking week)[6]. Thedifferentparametersusedto analyzeWL during
training arespecifiedin Table2.

Locomotoractivityandperformanceduring matches:During the32officialmatchesof the
season,locomotoractivityof playerswastrackedbymicrotechnologyusingthesameparame-
tersthanthoseusedduring training.HR recordingswereneverthelessdifferentbetween
matchesandtraining (Table2).Additional rugbyspecificactionswererecordedbyvideoanal-
ysis.Thispermittedquantificationandqualificationof rugbyspecificactions.A qualified
videoanalystwasresponsiblefor collectingdatafor eachrugbymatch.Thespecificactions
analyzedduring thematchesarepresentedin Table1.In orderto accuratelynormalizedata,
GPSdataandsportspecificactionswereexpressedrelativelyto playingtime.Datacorrespond-
ing to lessthan10min of playtimewasnot usedfor thisstudy.In theaim to focuson individ-
ualvariations(andto removeinter-individual differencesfrom theperformancepotential),a
Z-scorespecificto eachplayerwascalculatedfor all performanceandlocomotoractivity
parameters.ThisZ-scoreisbasedon theaverageandstandarddeviation(SD)of thefull season
for eachparameter.

Table2. Parametersusedto quantify the workload during training phases.

Parameters Abbr Units Type Description

SessionsRPE S-RPE AU Internal WL quantificationmethodobtainedin multiplying theintensityof training (CR-10scale)by thevolumeof
training [19].

Volume Vol h External Numberof practicehours(trainingsandgames)during theweek.

Total distance TD m External Assessedfrom GPStechnology,correspondsto thetotal distancecoveredby theplayersduring thetraining
and/or thematches.

High-speedrunning HSR m External Sumof thedistancecoveredabove14.4km.h-1

[20].

High-metabolic power
distance

HMPD m External Sumof thedistancecoveredabove20W.kg-1

[20].

Sprint distance SpDist m External Sumof thedistancecoveredabove25km.h-1.

Sprint Number SpN n External Numberof timestheplayerhasrun more
than25km.h-1.

Accelerations Acc n External Numberof accelerationsperformed above2.5m.s-2.

Sprint and accelerations Sp+Acc n External Numberof sprints(>25 km.h-1)
andhigh-accelerations(>4 m.s-2).

Severeand high impacts HI n External Numberof impactsmeasuredby inertial captors,with anintensitygreaterthan8G.

NewBodyLoad NBL AU External Manufacturerindicatorcalculatedfrom accelerometerdataaimingto reflectboth thevolumeandintensityof
theseaccelerationsin threeplanes(X,Y,Z).

Training impulses TRIMPS AU Internal HR-basedmethodto evaluateWL during training [20].

Low heart rate effort LHRE min Internal Timespentunder85%of HRmax.

High heart rate effort HHRE min Internal Timespentabove85%of HRmax.

AU: Arbitrary units;h: Hour; m: meters;n: number;min: minutes;WL: workload; HR:heartrate;HRmax: maximal heartrate

https://doi.org/10.1371/journal.pone.0228107.t002
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In orderto considertheinfluenceof matchlocationon results,theªBritannicRankingºwas
usedto determinepositive,negativeandneutralperformance.More precisely,abonifiedvic-
tory (offensivebonus)during ahomematch,adefensivebonusor avictoryduring anaway
matchwill beconsideredasªpositiveperformanceº.Defeatduring ahomematchwill becon-
sideredasªnegativeperformanceº,andfinally,avictoryduring ahomematchandadefeat
during anawaymatchwill beconsideredasªneutralperformanceº.This typeof rankingis
oftenusedbyFrenchrugbyteams'staffto predictfinal standingswhenconsideringthenum-
berof remainingmatchesto beplayedathomeand/oraway.

Data contextualizationand transformation:
Asdemonstratedin otherstudies,2WL andmatchperformanceareinfluencedbydifferent
contextualfactorssuchas:theperiodof theseason,playerstatus(starter,substitute),playing
positionandmatchlocation,amongotherfactors[6,21].Therefore,theplayer'sstatus(starter
or substitute)andposition(forwardor back)on thefield wastakenin accountfor thisstudy.

To studytheeffectsatshortandmoderateterms,all WL parameterswereanalyzedon aroll-
ing average.Therolling averagefor the2nd,3rd,4th,5th,6th,7thand8thpreviousweekswas
analyzedfor eachparameter.A weightedaverage,to increasetheimpactof recentWL, wasalso
usedwith similar time lags.Variability of training wasconsideredbyanalyzingtheSDof previ-
ousweeks(2ndto 8th).Finally,for eachWL parameter(Table2),21otherparameterswere
added:7 for averageat7differentweeklyconsiderations,7 for weightedaverageand7 for SD.

After oneyearof datacollection,animportant analysiswasperformedin anattemptto ana-
lyzehowWL influencesmatchperformancein successivematchesfor aneliteRUteam.This
studyprovidesamethodologybasedon datamining to relatephysicalperformancevariations
of playersduring time-framedtraining sessionsandtheir performancethroughoutthefollow-
ing matches.Thestudyisstructuredby threemajorsteps,eachonebeingassociatedto different
analysismethodologies.Thefirst part focuseson constructinganinformativedatasetfrom GPS
measurementsandspecificdataon WL, matchactivityandperformanceindicators.Thesecond
partanalysesthis information to identify rugbyspecificactionsin termsof playerstatus(starter
or substitute).Thethird partaimsat identifyinglinks betweenperformanceandmatchactivity.
Difficultieswereencounteredon thetwo previousparts.Indeed,it wasnecessaryto identify use-
ful information from suchlargeamountsof datasetasto optimallyinterpretthedata.

Statisticalanalysis
Asshownin Fig1,themethodologicalprocesscanbedividedinto threesteps.Asaprelimi-
narystep,descriptivestatisticswerecomputed.Prior to themainanalysis,thelevelandthe
variability(mean� SD)of eachtraining parameterwerecalculatedrelativelyto playingposi-
tion andtheplayer'sstatususingalinearmixedmodel.Effectsize(ES)wasthencalculated
usingCohen'sd statisticswhereanES<0.2 wasconsiderednon-significant(NS),0.2±0.6
small,0.6±1.2moderate,1.2±2.0largeand> 2.0verylarge[22,23].

Becauseperformanceismeasuredthroughasetof severalvariablesandnot aunique
responsevariable,multivariatestatisticalapproacheswerecarriedout.With thesamecon-
straintsandobjectives,Haghighatetal.[24] proposeareviewof severalmethodsto allowan
automaticselectionof themostsignificantfeaturesbasedon datamining techniques.Wefavor
adimensionalreductionapproachasit facilitatesanalysisduring thethird part,makesstor-
age/computationlessexpensiveandallowsfor easierinterpretation[17]. For thispurpose,a
lineardimensionreductionmethodcalledPrincipalComponentAnalysis(PCA)wasusedon
theperformancedatasetto reducethedimensionof analysis[17]. A normalizedPCAwasused
in thesecondpart to reducethehigh-dimensionalrawfeature[17,25].PCAisadescriptive
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multivariatestatisticalanalysisthatexploresasetof quantitativevariablesin orderto improve
collinearitybetweenthemandto discusstheimportanceof eachvariablein termsof variabil-
ity. It isamathematicaltool usedfor computingasetof newsyntheticvariables.Thesevari-
ables,alsocalleddimensions,aimat identifyinghighvariabilitycomponentsbasedin bigger
dimensionaldatasets.Subsequently,choosingasmallnumberof newdimensionsallowsto
createadiscriminativesub-spacebasedon informativefeaturesin termsof variabilityto map
thehigh-dimensionaldataset.

Finally,in thethird step,wetried to explaintherelationshipsbetweendifferentWL param-
etersatshortandmoderateterms(x-factors)andtheperformance/locomotoractivityindica-
tors(y-factors).A cross-correlationanalysiswasusedto assessthelevelof cross-collinearity
betweenperformancedescriptors(responsevariables)andtraining locomotoractivitydescrip-
tors(descriptivevariables).However,thereexistsacertainlimit for linearmodelsto highlight
relationshipsbetweenWL andperformance(no significantcorrelationwasfoundbetweenthe
two groups).Regressiontreesarealsoappliedduring this third stepto extractdiscriminative
information for performanceand(potentially)to further reducethedimension.A regression
treeisadatamining processwhichisbasedon decisioninduction analysis.It estimatesa
regressiverelationshipthroughbinarypartitioning (splitting) by testingthelink betweenaset
of explanatoryvariablesandaquantitativeresponsevariable.Classicalandconditionalregres-
siontreeswereusedto identify non-linearlink throughagraphicalbinarytree.Thisresultsin
adiscretemodelbasedon asetof rulesgivenbyacategoricalpatternof dependencecomputed
on interactionbetweencategoricalexplanatoryvariableandcategorizedquantitativeexplana-
tory ones.In thispart,thedifferentresponsevariablesusedaresuccessivelythefirst two
dimensionsof thePCAabove.All analysiswasconductedwith RStatisticalSoftware(R.3.3.3,
RFoundationfor StatisticalComputing).

Results
Workloaddescription,collectiveperformanceandspecificindicatorsof teamperformance:

Table3showsthe2WL of playersdependingon their positionandtheir playingstatus.
Regardingtheplayingposition,our resultsshowno significantdifferenceconcerningthe

Fig 1. Multivariabl estatisticalapproach.

https://doi.org/10.1371/journal.pone.0228107.g001
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internalWL whentheS-RPEmethodwasused.However,backscoveredagreaterTD
��<�.���, � � �.�� andhavehigherNBL ��<�.���	 � � �.�� thanforwards.This ismorepro-
nouncedin fasterspeed��<�.���, � � �.
� andmetaboliczone��<�.���, � � �.��. No othersig-
nificant differenceswereobservedbetweenbacksandforwardsconcerningtheother2WL
parameters.Table3alsohighlightedthatplayerswhostartedtheupcomingmatchwereexposed
to greaterWL regardlessof their position.Thiswastrue for theweeklyS-RPE��<�.���,
� � �.��, HSRandHMP distances��<�.���, � � �.�, 
������������ andTRIMPS��<�.��,
� � �.��.

Table4 providesinformation aboutthe2WL parameters,atshortandmoderateterms,
dependingon theteam'sperformance(victory vsdefeator positivevsnegative)during official
matches.It showsthat,whentheteamstudiedwon,some2WL parametersweregreaterduring
theweekprior to competition.Indeed,theacuteS-RPEwasgreater��<�.���, � � �.��, aswell

Table3. Weeklyworkload parametersdependingon playing position andplayersstatusduring matches.

Playingposition and players
statusgroups

S-RPE
(AU)

Volume
(h)

Strain
(AU)

TD
(m)

HSR
distance

(m)

HMP
distance

(m)

TRIMPS
(AU)

TS> 85%
HRmax

(min)

Heavy
impacts

(n)

NBL
(AU)

Forwards
�� � ��
�

2369.6
� ���.�

8.0
� �.�

2418.9
� 
��.�

11481.5
� ����.�

1148.1
� �
�.�

2713.4
� ����.


807.5
� ���.�

22.9
� ��.�

32.8
� �
.�

219.0
� ��.


Backs
�� � �
��

2277.5
� ���.�

7.8
� �.


2270.8
� ��
.�

14382.2
�
����.� � � �

2515.6
� ���.� � � �

3620.7
�
����.� � � �

834.5
� ���.�

26.4
� ��.�

37.2
� ��.�

320.6
�
�
�.� � � �

E.S. �� �� �� �.� �.
 �.� �� �� �� �.�

Starters
(n = 244)

2276.5
� �
�.


7.6
� �.�

2256.5
� 
��.


12534.7
� ���
.�

2011.8
� ��
.�

2574.6
� �
�.


764.0
� ���.�

22.9
� ��.


26.5
� ��.�

262.0
� ��
.�

Substitutes
(n = 84)

1660.2
�
�

.� � � �

7.0
� �.�

1158.3
�
���.� � � �

11769.3
� ��
�.�

1613.5
� 

�.� � � �

2189.4
� �
�.� � � �

681.0
� ���.� �

21.3
� ��.�

23.2
� ��.�

231.6
� ���.�

E.S. �.� �.� �.� �� �.� �.� �.� �� �� ��

S-RPE:Session of ratingperceivedexertion;TD: Totaldistance;HSR:High-speedrunning;HMP: High-metabolicpower;TRIMPS:Training impulses;TS:Timespent;

HRmax: Maximalheartrate;NBL:Newbodyload;E.S.:Effectsize.
�

p<0.05
� � �

p<0.001; significantdifferencesbetweenforwardsandbacksor betweenstartersandsubstitutes

https://doi.org/10.1371/journal.pone.0228107.t003

Table4. Weeklyworkload parametersdependingon teamperformanceduring matches.

Collectiveperformance Acute
S-RPE
(AU)

Chronic
S-RPE
(AU)

Acute:chronic S-RPE
(AU)

Acute
TD
(m)

Chronic
TD
(m)

Acute:chronic TD
(AU)

Acute
TRIMPS

(AU)

Chronic
TRIMPS

(AU)

Acute
H.I.
(n)

Chronic
H.I.
(n)

Victory
(n = 97)

2396.4
� ���.�

2043.7
� ��
.�

1.19
� �.�

13066.4
� ����.�

10824.5
� ����.�

1.29
� �.


769.0
� ���.�

720.7
� ���.�

24.6
� ��.�

23.9
� ��.�

Defeat
(n = 147)

2197.3
� ���.� � � �

1980.7
� ���.�

1.12
� �.� �

12191.2
� ����.
 �

10898.9
� �

�.�

1.14
� �.�

760.7
� �
�.�

704.6
� ���.�

27.7
� ��.�

29.1
� ��.�

E.S. �.� �� �.� �.� �� �� �� �� �� ��

Positive
(n = 53)

2324.2
� ���.�

2037.4
� �
�.


1.16
� �.�

12507.1
� ����.�

10766.6
� ����.�

1.22
� �.�

804.5
� ���.�

781.3
� ���.


20.4
� ��.�

25.7
� ��.�

Negative
(n = 26)

2294.7
� ���.�

2165.7
� �

.�

1.07
� �.�

11518.2
� ����.�

11848.1
� ����.�

1.04
� �.�

768.8
� ���.�

741.4
� ���.�

42.2
� �
.
 � � �

50.1
� ��.� � � �

E.S. �� �� �� �� �� �� �� �� �.� �.�

S-RPE:Session of ratingperceivedexertion;TD: Totaldistance;TRIMPS:Training impulses; H.I.: Heavyimpacts;NBL:Newbodyload;E.S.:Effectsize
�

p<0.05
� �

p<0.01
� � �

p<0.001;significant differencesbetweenvictoryanddefeator betweenpositiveor negativeresult.

https://doi.org/10.1371/journal.pone.0228107.t004
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asacute:chronicS-RPE��<�.��, � � �.�� andacuteTD ��<�.�� � � �.��. WhenusingtheBrit-
ishrankingsystemto analyzecollectiveperformance,othersignificantdifferenceswere
observedconcerningtheinfluenceof 2WL parameterson collectiveperformance.In particu-
lar,acuteHI ��<�.���, � � �.�� andchronicHI ��<�.���, � � �.�� weresignificantlygreater
during theweekswith negativeresults(defeatathome).

Table5 highlightstheindividual indicatorsof matchperformanceaccordingto theplayer's
positionandmatchresults.It revealsthatbackshaveagreateraveragespeed(m.min-1) during
matcheswon ��<�.��, � � �.��. In contrast,therelativedistancetraveledin HMP zoneissig-
nificantly greaterin backs��<�.�, � � �.�� during lostmatches.Concerningspecificactivities,
forwardsperformedabiggerdefensiveperformanceduring successfulmatchesby totalizing
morecompletedtackles��<�.��, � � �.�) andmoreoffensivetackles��<�.��, � � �.
) com-
paredto matchesthatwerelost.Moreover,forwardshaveagreateractivityindexduring suc-
cessfulmatches��<�.��, � � �.��. On thecontrary,backsplayedtheballsignificantlyless
during victories��<�.��, � � �.��. Table5alsohighlightsothersignificantdifferencesbetween
backsandforwardsconcerningphysicalandrugbyspecificactionsduring matches.

Table6 showstheinfluenceof playerstatuson playingactivityduring matches.Playing
activityindexesweregreaterfor substitutesindependentlyof theplayer'sposition��<�.��,
� � �.� � � � �.�, 
����������� � 
 � 
!"
�� "�� #"�$��. Furthermore,forwardsubstitutescon-
cededlesspenalties(relativelyto ball-in-playtimeÐwhen theplayerplayed)comparedto
startingforwards��<�.��, � � �.��.

Summaryof individual performance:
Characteristicsof individual speedareusedin thisanalysis.Fig2showsmoreimportant collin-
earityfor threevariables(HMPD.min, HSR.minandTD.min) with Dim1 andthatonly sprint

Table5. Individual indicators of match'sperformancedependingon the positionsandmatchfinal results.

Playingposition Collectiveperformance Avg. Speed
(m.min-1)

RelativeHSR
(m.min-1)

Relative
VHSR

(m.min-1)

Relative
HMPD

(m.min-1)

Sprints
(n)

H.I
(n)

ST
(n)

OT
(n)

ODW
(n)

Penalty
Conc.

(n)

Ruck
(n)

LB
(n)

Ball hit
(n)

Activity index

Forwards Victory
(n = 43)

57.4
� �.�

21.6
� �.�

5.3
� �.�

32.8
� �.�

0.5
� �.�

31.5
� ��.�

10.1
� �.�

2.1
� �.�

1.1
� �.�

0.73
� �.�

17.4
� �.�

0.17
� �.�

9.2
� �.�

39.9
� ��.�

Defeat
(n = 58)

58.6
� 
.


23.8
� �.�

6.2
� �.�

41.1
� �.�

0.4
� �.�

30.1
� ��.�

7.3
� �.� �

1.3
� �.� �

1.9
� �.�

0.61
� �.�

16.3
� �.�

0.17
� �.�

6.7
� �.�

33.7
� ��.
 �

E.S. �� �� �� �� �� �� �.� �.
 �� �� �� �� �� �.�

Backs Victory
(n = 52)

67.6
� 
.� $

33.2
� �.
 $

13.8
� �.� $

35.3
� �.� $

4.1
� �.� $

24.5
� ��.


5.3
� �.� $

1.1
� �.� $

1.5
� �.�

0.18
� �.�
 $

5.3
� �.� $

0.39
� �.�

10.3
� �.
 $

24.6
� ��.� $

Defeat
(n = 88)

65.3
� 
.� � ,$

35.7
� �.� $

15.5
� �.� $

44.2
� �.� � ,$

4.9
� �.� $

32.7
� ��.�

4.8
� �.� $

0.8
� �.� $

1.9
� �.�

0.31
� �.�� $

5.6
� �.� $

0.47
� �.� $

13.6
� �.� � $

27.6
� ��.� $

E.S. �.� �� �� �.� �� �� �� �� �� �� �� �� �.� ��

PositionE.S. �.� �.� �.� �.� �.� �� �.� �.
 �� �.� �.� �.� �.� �.�

Forwards Positive
(n = 18)

57.1
� �.�

23.9
� 
.�

6.2
� �.�

35.5
� 
.�

0.2
� �.�

30.4
� ��.�

8.4
� �.�

2.1
� �.�

1.4
� �.�

0.56
� �.


19.5
� �.�

0.40
� �.�

10.6
� �.�

42.6
� ��.�

Negative
(n = 10)

58.5
� �.�

23.1
� ��.�

5.8
� �.�

34.6
� ��.� ,

0.2
� �.�

42.8
� ��.�

5.2
� �.� �

1.3
� �.� �

3.2
� �.� �

0.90
� �.
 �

16.7
� �.�

0.10
� �.�

8.3
� �.�

32.8
� ��.� �

E.S. �� �� �� �� �� �� �.� �.
 �.� �.
 �� �� �� �.�

Backs Positive
(n = 27)

66.5
� �.� $

33.9
� �.� $

20.3
� �.� $

42.6
� �.
 $

4.2
� �.
 $

24.5
� ��.�

4.0
� �.� $

1.2
� �.� $

1.9
� �.�

0.04
� �.
 $

4.9
� �.� $

0.56
� �.�

14.4
� �.�

27.2
� ��.� $

Negative
(n = 14)

69.9
� �.� � ,$

44.7
���.� � ,$

13.8
��.� $

55.8
���.� � ,$

5.7
� �.� $

55.7
� ��.� �

4.1
� �.�

0.9
� �.�

3.9
� �.� �

0.16
� �.
 $

6.0
� �.� $

0.54
� �.�

14.3
� �.� $

29.5
� ��.�

E.S. �.� �.� �.� �.� �� �.� �� �� �.� �� �� �� �.� ��

Avg.speed:Averagespeed;HSR:High-speedrunning; VHSR: Veryhigh-speedrunning;HMPD: High-metabolicpowerdistance;H.I.: Heavyimpacts;ST:Successful

tackles;OT: Offensivetackles;ODW: Offensiveduelwon;Penaltyconc.:Penaltyconceded;LB:Defensiveline breaks.E.S.:Effectsize.
�

p<0.05;significantdifferencesbetweenvictory-defeatandpositiveandnegativeresultsfrom BritannicRanking.
$ p<0.05;significant differencesbetweenforwardsandbacks.

https://doi.org/10.1371/journal.pone.0228107.t005
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andaccelerations(Sp+Acc)arehighlycorrelatedwith Dim2. Onecanconsiderthat thethree
variablesof Dim1 measurethesameaspectof performance,whileSp+accmeasureanother
aspectwhich isnot correlatedwith theothers.With thesetwo newsyntheticdimensions,
around88%of variabilityfor themeasurescanbeexplained.Thefirst dimension(Dim1) con-
tained65.43%,while23.22%wasexplainedby the2nd dimension(Fig2).Theheterogeneity
betweentheobservationsismeanlydueto thevariablescontainedin Dim1 calledªrunning.
performanceºandcanbeinterpretedasfollow:anegativevaluemeansªlow performanceºand
ahighpositivevaluemeansªhigh performanceº.

Tencharacteristicsof matchplayingactivitiesareusedin thisanalysisbut only themean-
ingful onescanexplainthevariabilityof observations(cos2>0.5).Theyareshownon Fig3.A
largerdegreeof collinearitywasseenbetweenTackandTack.sucthanin activityrateandMs.
win. Moreover,these2 groupsshowno correlation.However,thePCAisnot veryefficient
herebecauseonly 38.51%of total variability isexplainedthroughthese2 dimensions.Thefirst
dimension(Dim1) contained21.6%,while16.91%wasmeasuredby the2nd dimension.It out-
linesthefactthat the10characteristicshaveno signsof correlationbetweeneachother.Other
links mayexistbut thesearenot detectableby linearmethodssuchasPCA.

Performanceinsights from descriptorsof training activity
Asapreliminaryanalysis,severalcorrelationalmatriceswerecalculatedto assessthelevelof
collinearitybetweenWL indicators(explanatoryvariablesgatheredinto amatrix calledX),
performanceindicators(variablesto beexplainedgatheredinto amatrix calledY) andthe
cross-correlationbetweenX andY.Theresultsarepresentedusingablackandgreycolored
gradientwheredarkcolorsrepresentstrongcorrelations,positiveor negative(Fig4).No sig-
nificant collinearityisnotedin thecross-correlationalmatrix thusencouragingtheuseof non-
linearstatisticsanalyticaltoolsto studypotentiallinks betweenWL andperformance
indicators.

Table6. Individual indicators of match'sperformancedependingon the player'sstatus(startersvssubstitutes).

Playing
position

Collective
performance

Avg.
Speed
(m.

min-1)

Relative
HSR

(m.min-1)

Relative
VHSR

(m.
min-1)

Relative
HMPD

(m.
min-1)

Sprints
(m.

min-1)
X 10

H.I (n.
min-1)

ST
(n.

min-1)
X 10

OT
(n.

min-1)
X 10

ODW
(n.

min-1)
X 10

Penalty
Conc.

(n.
min-1)
X 10

Ruck
(n.

min-1)
X 10

LB
(n.

min-1)
X 10

Ball hit
(n.

min-1)
X 10

Relative
Activity
index

Forwards Starters
(n = 78)

58.3
� �.�

23.1
� �.�

5.8
� �.�

34.4
� �.�

0.16
� �.�

1.1
� �.�

3.1
� �.�

0.59
� �.��

0.59
� �.��

0.25
� �.��

6.1
� �.�

0.06
� �.��

2.8
� �.�

0.47
� �.��

Substitutes
(n = 16)

59.0
� �.�

25.0
� �.�

6.6
� �.�

35.9
� �.� ,

0.33
� �.�

1.2
� �.�

3.6
� �.� �

0.37
�
�.�� � $

0.23
� �.�

0.08
� �.�� �

6.0
� �.�

0.16
� �.��

3.3
� �.


0.85
� �.�� �

E.S. �� �� �� �� �� �� �� �.� �� �.� �� �� �� �.�

Backs Starters
(n = 121)

66.1
� �.� $

34.8
� �.� $

14.9
� �.� $

43.1
� �.
 $

1.55
� �.� $

1.0
� �.�

1.7
� �.� $

0.32
� �.�� $

0.60
� �.��

0.09
� �.�� $

1.9
� �.� $

0.06
� �.� $

4.4
� �.� $

0.45
� �.��

Substitutes
(n = 26)

65.7
� �.
 ,$

37.2
� �.
 $

15.3
� �.� $

43.1
� �.� $

5.7
� �.� $

1.4
� �.�

2.0
� �.� $

0.10
� �.� � $

0.63
� �.��

0.10
� �.��

1.8
� �.� $

0.34
�
�.�� � $

6.2
� �.� � $

1.14
� �.�� � $

E.S. �� �� �� �� �� �� �� �.
 �� �� �� �.� �.
 �.�

PositionE.S. �.� �.� �.� �.� �.� �� �.� �.� �� �.� �.� �.� �.
 �.�

Avg.speed:Averagespeed;HSR:High-speedrunning; VHSR: Veryhigh-speedrunning;HMPD: High-metabolicpowerdistance;H.I.: Heavyimpacts;ST:Successful

tackles;OT: Offensivetackles;ODW: Offensiveduelwon;Penaltyconc.:Penaltyconceded;LB:Defensiveline breaks.E.S.:Effectsize.
�

p<0.05;significantdifferencesbetweenstarters-substitutes.
$ p<0.05;significant differencesbetweenforwardsandbacks.

https://doi.org/10.1371/journal.pone.0228107.t006
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ªRunning.performanceº,thefirst principalcomponentof PCAcorrespondingto aperfor-
mancedescriptor,isanalyzedhereby(Fig5).On theleft-handsideof thetree,nodenumber2
characterizesthemeanlevelof performanceof backswhichis logicallylowerthanforwardsin
termsof offensiveactivity.Node19containsobservationson backswith greaterlevelsof offen-
siveperformance.This isdueto anacuteamountof speedexertion> 21e+3combinedwith a
4-weekrolling averageof heavyimpacts(Hi.4weeks.SD)< 9.4heavyimpacts.Node8 contains
observationson backswith lowerlevelsof offensiveactivitywhichisdueto aHi.4weeks.SD>
= 9.4.Accordingto theright branchof thetree,thehigherlevelof offensiveperformancefor
forwardsisdueto a6-weekaverageof low running speed(LSR.moy.6)< = 8421.Thisregres-
siontreeillustratedthatseveralparametersappearto influencerunning performancebut have
no significanteffectaccordingto astatisticaltest(conditionalregressiontree).Concerningthe
othersignificanteffectsobservedon therelationshipsbetweenWL parametersandactivity
indicators,Fig6 revealsthat thenormalized(Z-score)numberof sprintsandaccelerationswas
significantlyandnegativelyaffectedwhentheaveragetime spentunder85%HRmaxwasabove
218.992min(Fig6A).Similarly,thenormalizednumberof offensiveduelswonwassignifi-
cantlyandpositivelyaffectedby thechronic(4 weekrolling average)numberof HI (Fig6B).

Table7 presentsthesummaryof all theconditionstestedwhenusingthismethod.

Discussion
Themaingoalof thisstudywasto detecttheexistingrelationshipsbetweenWL atshortand
moderatetermsandperformanceor locomotoractivityduring matchesof professionalRU
playersthroughoutaseason.Severalpreliminarystepswerenecessaryto accomplishthis:i)

Fig 2. First principal planefrom PCA on normalized(Z-score)individu al speeddescriptors.

https://doi.org/10.1371/journal.pone.0228107.g002
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understandingthedifferentfactorsthatmight influenceWL andteamperformance,ii) synthe-
sizingactivityindicatorsto facilitateandsimplify themodelling/definitionof individual per-
formanceandiii) analyzing,with differentstatisticalmodels(linearandthreshold-based),the
influenceof differentWL parameterson performance.Themain findingsshowedthat2WL
wasinfluencedbyplayingpositionandplayerstatus.Indeed,backspresentedgreaterexternal
WL (GPS-baseddata)during training sessionsthanforwards(p<0.001),whilestarters
expressedgreaterinternal (S-RPEandTRIMPSmethods)andexternalWL (p<0.001).Fur-
thermore,whenteamperformancewasanalyzedconsideringhomeadvantage(usingBritannic
rankingclassification),thefindingsdemonstratedthatcollisionload(numberof heavy
impacts)atshortandmoderatetermsnegativelyinfluencedteamperformance(p<0.001).
Positiveteamperformancewasnoticedwhenbackscoveredgreaterrelativedistance(m.min-

1) andwhenforwardssuccessfullytackledmore.Furthermore,forwardsalsohadagreater
(p<0.05)activityindexduring victory.Concerningour attemptto defineperformancewith
newsyntheticvariables,wefound thatonecanconstructasyntheticindexbasedon individual

Fig 3. First principal planefrom PCA on specificactivities.

https://doi.org/10.1371/journal.pone.0228107.g003
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GPSdata(individual Z-score,basedon theaverageandSDfor eachplayerandfor eachGPS
parametersthroughouttheseason)regroupingtheHMPD.min, HSR.min,TD.min, on one
side,andSp+Accon theother.No syntheticindexwasfoundconcerningspecificactivity
parameters.Finally,thefirst methodconductedto highlight therelationshipsbetween2WL
andindividual locomotoractivity/performanceindicators,basedon alinearmodel,did not
allowfor anyobservationof significanteffect.Theuseof athresholdmodel,from datamining
processes,permittedusto illustratesomesignificanteffectsof WL parameterson individual
performanceindicators.Indeed,thechronic(4-weekrolling average)numberof heavy
impactsinfluencedpositivelythenumberof duelswonduring matches(p<0.05).Finally,
theseresultshighlight thedifficulty to identify andsynthesizephysicalperformancein RUand
alsopoint out thehigh levelof complexityencounteredwhenestablishingmodelsto establish
relationshipsbetweenWL andphysicalperformance/locomotoractivityduring matches.

Beforeanalyzingtheinfluenceof WL on performance,it wasimportant to underlinethe
differentfactorswhichinfluence2WL.Indeed,severalstudiesreportedsignificantdifferences
betweenforwardsandbacksconcerningtheinternalandexternalWL of training weeksduring
preseasonandin-seasonfor professionalrugbyplayers[6,26].Thepresentfindingsconfirmed,
in part,theresultsarguingthatbackshavegreaterexternalWL thanforwards.Thesediffer-
encesweremainlyexplainedby thedifferencein locomotoractivityduring training sessions.
Nevertheless,no significantdifferenceswereobservedregardingtheinternalWL indicators
(S-RPE& TRIMPS).Thescrumandlineout training sessionsfor forwards,whichaccountfor

Fig 4. Correlation matricesbetweenthe variablesªXº of the weeklyworkload andthe parametersªYº of the game'sactivity.

https://doi.org/10.1371/journal.pone.0228107.g004
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20to 30%of weeklytraining,do not generaterunning activity.Thus,externalWL during this
typeof training cannotberecordedbyGPStechnology.Therefore,thedifferencesobservedin
externalWL betweenforwardsandbacks,do not reflectthedifferencein quantityof training.
It isalsoimportant to notethat theexternalloadestimatebyGPStechnologymaypresents
somelimitationsabouttheaccuracyandthereliability of somevariableslike theaccelerations
andthemetabolicpowerapproachvariables[27]. Theselimitations leadusto remaincautious
abouttheindiscriminateanalysisof dataderivedfrom GPSsignals[27]. Playingpositionwas
not theonly factorthatexplainedtheobserveddifferencesamongWL parameters.In asimilar
wayto astudycarriedout in soccer[21], wehaveanalyzedtherelationshipsbetweenplayers'
statusandWL. Our findingsdemonstratethatsubstituteplayers,regardlessof their position,
hadlowerinternalandexternalWL thanstartingplayersduring weeklytraining.Theseresults
mustbeconsideredin moderateandlong-termtraining processes.Indeed,playerswhosubsti-
tuteregularlywereexposedto alowerinternalandexternalWL. This trendmayconductto
undertraining.Thus,teamstaffsshouldproposecomplementarytraining to theseplayersto
exposethemto high intensityrunning andHR efforts.In their recentstudy,Dalton-Barron
etal.[28] demonstratedthatWL perceptionwasinfluencedbydifferentfactors:playingposi-
tion, previousmatchresults,phaseof theseasonandthetime lapsebetweenmatches.There-
fore,resultsfrom thisstudyandprior ones,point out to theneedfor applyingamultifactorial
approachto planandmonitor therugbyplayers'WL during thedifferentphasesof theseason
(Tables3 & 4).

Dalton-Barron's[28] studyalsoreflectsthesignificantimpactof thecompetitivecontexton
theperceptionof difficulty of training sessionsduring aªcompetitive-phaseºweek.Indeed,

Fig 5. Traditional decision tree illustratin g the levelof ªRunning performanceº.

https://doi.org/10.1371/journal.pone.0228107.g005
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Fig 6. Conditionalregression treesshowingtheinfluenceof workloadparameterson someactivityindicatorsduring thematches:a)numberof sprintsand
accelerations,b) numberof offensivedualswon.

https://doi.org/10.1371/journal.pone.0228107.g006
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theseresultscorroborateotherstudieswhichalsodemonstratedaneffectof competitivestress
on physiologicaladaptations,especiallyon endocrineresponses[6,8,29].In our findings,sig-
nificant differenceswerefoundwhencomparingWL parametersduring weekswith amatch
victory (Table4).Thedifferencesweremainlyobservedin thesubjectiveperception(S-RPE)
methodandmaysuggestthatstressbeforekeymatchesof theseasoncouldinduceanincrease
in WL perception.Indeed,in RU,homeadvantagewasstatisticallydemonstrated[30,31].The
teamstudiedherewasabottomrankedteamfor whichhomematcheswereof crucialimpor-
tance.Indeed,during seasonstudied,theteamwon14of their 16homematchesandonly won
oneawaygame(out of 16).Thus,theteamstudiedpreparedhomematcheswith particularly
highpressure.Subjectiveperceptionof difficulty of training sessionsseemsto beinfluencedby
thecompetitivecontext(p<0.001,d = 0.4).Thus,agreateracutetotaldistance(p<0.05,
d = 0.3)wasalsoobservedandmaysignalagreaterWL expositionduring theweeksof victory.
Trainersseemedto haveatendency(maybeunconsciously)to increasetheexternalWL by
increasingtacticalandstrategicalsituationsto preparefor achallengingmatch.In anattempt
to minimize theinfluenceof matchlocationon teamperformance(especiallywith thebottom
rankingteam),theBritannicrankingclassificationwasappliedto highlight theªpositiveº
results(defensivebonus,drawandvictoryduring awaymatchesandbonifiedvictoriesfor
homeandawayvenues).With this filter of teamperformance,it appearsthatanimportant
numberof heavyimpactsatshortandmoderatetermsinfluencedperformancenegatively.
Thisresultcouldsuggestthatneuromuscularfatigueinducedbyrepetitiveheavyimpacts
[32,33]mayalsoaffectteamperformanceduring matches.However,becauseof our relatively
smalldataset,greatcautionshouldbetakenwhenanalyzingtheseresults.Moreover,it is cru-
cial to specifythatall theseresultsdependon multiple contextualfactors(score,domiciliation,
levelof theopposition,climaticconditions,. . .) [34]. Indeed,studyingoneteamduring a

Table7. Overviewof the different analysisperform to observeif someworkload indicators influence(positively or negatively) the different performance/locomotor
activity indicators.

TYPEOF INDIC ATORS PERFORMANCE
PARAMETERS

POSITIVE INFLUENCING FACTOR
(S)

NEGATIVE INFLUENCING FACTOR(S)

SYNTHETIC INDEX OF RUNNING
PERFORMANCE

«Running.Performance» / /

Sprint.Acc Weightedaverageof time spentunder
85%of HRmax

� 219min.

Weightedaverageof time spentunder85%of
HRmax

> 219min.

SYNTHETIC INDEX OF SPECIFIC
ACTIVIT Y

Defensiveperformance Forwards Backs
8 weeksaveragefor numberof severeimpacts

<19.62impacts.

INDIVIDUA L NORMALIZED
(Z-SCORE)PERFORMANCE

INDICAT ORS

Tackleattempted / /

Tacklesucceed / /

%Tacklesucceed / /

Offensivetackle / /

Offensivedualswin Averageof HI for the4th last
weeks> 22.62impacts.

Averageof HI for the4th lastweeks� 22.62
impacts.

Ruckparticipation / /

Meterswin / /

Numberof ballsplayed / /

Linebreak / /

Penaltyconceded / /

Activity index / /

HRmax: maximal heartrate;HI: heavyimpacts.

https://doi.org/10.1371/journal.pone.0228107.t007
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uniqueseasonrepresentsacomplexprotocol.Therefore,theresultsobservedarehighly linked
to thecontextandspecifityof theteam.

In termsof performance,it alsoseemsthatdifferentindividual locomotoractivityparame-
tersinfluenceteamperformance(Table5).Thus,thespecificactivity(numberof actionsnor-
malizedbyball-in-playtime) anddefensiveperformanceof forwards(numberof completed
andoffensivetackles)weregreaterduring matcheswon(p<0.05).Thus,thenumberandper-
centageof completedtacklesseemedto beagoodindicatorof defensiveperformancewhich
contributesto teamperformance.Theseresultsconfirmedtheresultspresentedin otherstud-
ies[13,23]whichattestedtheimportanceof defensiveperformanceon matchresults.Our
resultsalsoshowthat running activity(relativedistance)of backswassignificantlygreater
(p<0.05)during matches.Nevertheless,with theBritannicrankingclassification,running
activitywasgreaterduring negativeresults,especiallyfor distancecoveredathighspeed/
powerintensity(p<0.05).Theseresultsaresimilar to thosereportedin otherstudiesfor
which,in otherteamsports,running activityathigh intensitywassignificantlygreaterfor los-
ing teams[35,36,37].Timespenton defenseandthenumberof defensiveline-breaksconceded
mayrequirethenecessityto realizemorehigh intensityrunning efforts.Thiscouldexplainthe
differencesobservedbetweenpositiveandnegativeresults.However,theseresultsdemonstrate
thecomplexityof usingGPSbaseddatato identify avalidandreliablekeyperformanceindica-
tor in RUthroughoutaseason.

Themainaimof thisstudywasto identify how2WL influencestheactivity/performancein
professionalRUplayersthroughoutaseason.Thus,to analyzethis influence,andto avoid
comparingtheinter-individual differencesduring matches,wechoseto applyanindividual
normalizedscore(Z-score)basedon themeanandtheSDof all matches,individualizedfor
eachplayerandfor eachparameterovertheentireseason.Individual indicators,normalized
byball-in-playtime,permittedto smoothenactivitydifferencesinducedby theplayers'posi-
tion andprofile.Byusingthismethodology,weexpectedto observetheintra-individual fluctu-
ationof performancethroughouttheseason.Therefore,wehighlightedtheperformancepeaks
andperformancedropsthroughouttheseason.Fromthisdatatransformation,areduction
dimensionof datawasperformedin orderto summarizerunning andspecificperformance.
Fig2 showsthat running performancecouldbesynthesizedinto 2 dimensions.Oneregrouped
totaldistance,highspeedandhigh-powermetabolicdistances,while theotherdimension
includedthenumberof sprintsandaccelerations.Theseresultspartiallycorroboratethoseof
Weavingetal.[17] whoalsoshowthatGPSdatamaybepresentedby totaldistanceranandby
distancetravelledathigh-speed.In our study,weusedmorevariablesthanWeavingetal.[17].
This isprobablywhytheanalysiscarriedout in thepresentstudydemonstratedtheimpor-
tancefor including thenumberof very-highintensityefforts(sprint andhighacceleration)in
WL quantificationin addition to ªtraditionalº variables.Thedatacollectedfor specificskills
showsthatno variablecontainsasufficientlinearco-variabilitythatcanberesumedbyasyn-
theticindex(Fig3).Theseresultsprovethateachactionanalyzedseemsto beindependentof
anotherandshouldbestudiedseparately.Indeed,atprofessionallevel,specifictasksandplayer
profileshaveasignificantimportance.Theindividual performanceanalysis,basedon anindi-
vidualnormalizedscore,demonstratesthatphysicalperformancein RU iscomplexto summa-
rize,especiallyin termsof sportspecificactions.Finally,usingahigh-dimensionalfeaturefor
performanceidentificationseemsto berelevantfor collectinghighquantitiesof relevantinfor-
mation.Difficultieswill neverthelessariseduring storage,computationand,consequently,on
theunderstandingof thephenomenon.

Thefinal objectiveof our studywasto highlight theinfluenceof 2WL,atshortandmoder-
ateterms,on individual performance/locomotor activityduring matches.Thefirst method
(Fig4) wasbasedon alinearmodelanalyzingthecorrelationbetweenvariablesof WL (X) and
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activityparameters(Y). Theuseof thismethoddid not revealanysignificanteffectof WL on
theactivity/performanceduring matches.Thisfirst resultoutlinesthelimitation of linearmod-
elsto analyzetheinteractionsbetweenWL andperformance.Datamining processesmadeit
possibleto revealsignificanteffectsof WL variableson somelocomotoractivity/performance
parameters(Figs5 & 6andTable7). Indeed,datamining processesdemonstratedthat the
numberof sprintsandhighaccelerationswerenegativelyinfluencedwhentheweightedaver-
ageof thetime spentin low HR intensity(>85%HRmax) wassuperiorto 218.9min (Fig6A).
Thisresultemphasizesthat too muchtime spentat low-intensityeffortsduring training ses-
sionsmaynegativelyimpactsprinting/acceleratingability.Theseresultsarein agreementwith
thoseobservedin otherstudiesshowingthenegativeeffectthat training spentin low intensity
zoneshason thereductionof neuromuscularperformanceduring aprofessionalteam-sport
season[29,38].Indeed,Duboisetal.[29] observedsignificantcorrelationsbetween%of mod-
erateandhigh-speedrunning distancesanddrop jump testingperformanceatshortterm.
Thisdemonstratedthenegativeinfluenceof low-intensitytraining sessionson neuromuscular
performance.Nevertheless,theseresultsdo not suggestthat training spentat low intensity
shouldbecompletelyignored.Indeed,during atypicalcompetitiveweek,thefirst sessionof
theweek(36hafteramatch)wasdevotedto technicalandtacticaltraining andwasperformed
at low intensityaccordingto atacticalperiodizationapproach[39]. Therefore,thepresent
resultsseemto showmoreinterestin devotingtraining to high intensityeffortsduring other
training sessionsof theweek,evenif it meansreducingtraining volume.

In thepresentstudy,anothersignificantcorrelationwasobservedbetweenchronicload(4
weekrolling average),thenumberof severeimpacts(>8G) andthenumberof successful
offensiveduels(Fig6B).In fact,achronicnumberof severeimpactsgreaterthan22.6per
weekpositivelyimpactedthisperformanceparameter.Indeed,thecapacityto beatadefender
representsanimportant aspectof offensiveperformanceandcontributesto positiveteamper-
formance[14]. In our study,agreaternumberof impactswasreachedduring small-sided
training situations.This typeof situation,whichresemblescompetitivesituationsbecauseof
increasedspace-timepressureconditions,enhancedaplayer'sability to beathisdirectoppo-
nent.Theresultsconcerningthenumberof severeimpactsalsoillustratestraining complexity
andtheparticulardifficulty to balancetraining loadsbetweenover-reachingandunder-train-
ing [1,40].Indeed,Table4 showsthenegativeeffectsthathighquantitiesof severeimpacts
during training hason performanceatshortandmoderateterms.Thisresultcouldbe
explainedbyneuromuscularcollisions-inducedfatigue[32,33].Duboisetal.[6] alsoshoweda
possiblenegativeeffectof low exposureto impactsduring training sessionson injury rateat
shortterm.However,thisstudydid not specifytheeffectof thisparameteron thetypesand
severityof injuries.Nevertheless,all theseresultsdemonstratethenecessityto includespecific-
training situationsincludinghigh-intensityactionscombinedwith anªoptimalº numberof
contactsto promotetheoptimizationof individual andteamperformance.Finally,datamin-
ing processesseemto beaªnewºmethodthatmaycontributeto abetterunderstandingof the
underlyinginteractionsbetweenpracticedosageof locomotoractivity/performancein acom-
petitivecontext[41]. However,despiteahigh-dimensionalapproachincludinganimportant
numberof variables,only afewinteractionsweresignificantlyobserved.This indicatesthat
teamandindividual performanceremainsdifficult to modelandidentify.Furthermore,the
contextualfactors(social,psychological,motivational,. . .) werenot consideredin WL quanti-
fication.Thesefactorscouldinterferein theªdose-responseºrelationshipsbetweentraining
ªdoseºandphysiologicaladaptationsor performance(response).Finally,it wouldbeinterest-
ing to studytheseinteractionsindividually. Indeed,anindividual'sphysicalcapacityprofile
mayalterhowtheplayercopeswith thephysiologicalstressinducedfrom practice[8].
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Conclusion and practical applications
Thestudyhighlightedtheimportanceof defensiveskillsfor teamperformanceduring eliteRU
matches.Indeed,thenumberof tacklescompletedandthenumberof offensivetackles,espe-
ciallyinvolving forwards,seemedto beapositiveindicatorof performancein eliteRU,thus
corroboratingtheresultsof otherstudies[13,23].Moreover,forwardspresentedagreater
(p<0.05)activityindex(numberof codedactionsnormalizedto ball-in-playtime) when
matcheswerewon,demonstratingtheimportanceof developingaplayer'sability to repeat
high-intensityrugby-specificactions.Asfor backs,thelocomotoractivity(GPSdata)seemsto
beanindicatorof performance.Nevertheless,all theseresultsmustbeconsideredcautiouslyas
theywereobtainedfrom analysisbasedon asingleteam.Therefore,all theseresultswere
largelyinfluencedby theteam'stacticalandstrategicalpreferencesaswellasits' mindset.Sec-
ondly,thisstudypointedout that locomotoractivityduring matchescanbesummarizedby2
dimensions:oneincluding thetotaldistancetravelled,high-speedandhigh-metabolicrunning
effortsandasecondonewhichcorrespondsto thenumberof sprintsandfastaccelerations.
Unfortunately,it wasnot possibleto resumethedifferentspecificactionsinto asynthetic
indexrelatingtheinfluenceof positionaldemandsandactivityprofilesin eliterugbyplayers.
Finally,thelastpurposeof thisstudywasto modeltheinfluenceof WL atdifferentterms
(acute,chronicandup to 8 previousweeks)on matchperformance.Thefirst methodbasedon
colinearanalysisdid not providesignificantrelationshipsbetweenWL parametersandperfor-
mancevariables.Theuseof athreshold-basedmodel,from datamining processes,permitted
to identify theinfluenceof WL parameterson differentperformancesvariables.Thus,the
chronicnumberof severeimpactsseemedto beoneof themostinfluential factorsof specific
performance,andmorespecificallyon thenumberof offensiveduelswon.Therefore,thespe-
cific drills/skills includingcontacts/collisionsseemsto increasetheplayer'sability to beatthe
opposition.However,otherstudiesrevealedthatahighexposureto collisionmayinduceneu-
romuscularfatigue[6,32,33].Thisparameterillustratesperfectlythecomplexityof training:
i.e.howto tuneWL asto bebetweenthetoo muchandthenot-enough.To conclude,wethink
thatdatamining processeswill helpscientistsandsportspractitionersdevelopabetterunder-
standingof theunderlyingrelationshipsbetween2WL andmatchperformance.Thiswill
undeniablycontributeto theever-strivingquestof reachingpeakperformancebyoptimizing
training processes.

Acknowledgmen ts
Thankyoufor theplayerswhohaveacceptedto participatedto thisstudy.Finally,averybig
thankyouto the�%�& '�(# %�)����*(� +
��� ' 

�,� andits medicalandtechnicalstaffwhich
allowedthisstudy.

Author Contributions
Conceptualization:RomainDubois,Thierry Paillard,Olivier Maurelli,JacquesPrioux.

Data curation: RomainDubois,NoeÈlle Bru.

Formal analysis:NoeÈlle Bru.

Investigation:RomainDubois,JacquesPrioux.

Methodology:RomainDubois,NoeÈlle Bru,Thierry Paillard,AnneLeCunuder,Jacques
Prioux.

Projectadministration: RomainDubois,JacquesPrioux.

Workload and performance throughout a rugby season

PLOS ONE | https://doi.org/10.1371/journal.pone.0228107 January 29, 2020 18 / 21



Supervision:Thierry Paillard,JacquesPrioux.

Validation: Thierry Paillard,JacquesPrioux.

Visualization: Thierry Paillard,Olivier Maurelli,Kilian Philippe,JacquesPrioux.

Writing ± original draft: RomainDubois,NoeÈlle Bru.

Writing ± review& editing: Thierry Paillard,AnneLeCunuder,Mark Lyons,Kilian Philippe.

References
1. Cross MJ, Williams S, Trewartha G, Kemp SP, Stokes KA. The influence of in-season training loads on

injury risk in professional rugby union. International Journal of Sports Physiology and Performance.
2016; 11(3):350±5. https://doi.org/10.1123/ijspp.2015-0187 PMID: 26309331

2. Reardon C, Tobin DP, Tierney P, Delahunt E. The worst case scenario: Locomotor and collision
demands of the longest periods of gameplay in professional rugby union. Maher B, editor. PLOS ONE.
2017 May 16; 12(5):e0177072. https://doi.org/10.1371/journal.pone.0177072 PMID: 28510582

3. Williams S. How Much Rugby is Too Much? A Seven-Season Prospective Cohort Study of Match Expo-
sure and Injury Risk in Professional Rugby Union Players. Sports Medicine, 2017, vol. 47, no 11, p.
2395±2402. https://doi.org/10.1007/s40279-017-0721-3 PMID: 28361327

4. Bourdon PC, Cardinale M, Murray A, Gastin P, Kellmann M, Varley MC, et al. Monitoring Athlete Train-
ing Loads: Consensus Statement. International Journal of Sports Physiology and Performance. 2017
Apr; 12(Suppl 2):S2-161±S2-170.

5. Foster C, Rodriguez-Marroyo JA, de Koning JJ. Monitoring Training Loads: The Past, the Present, and
the Future. International Journal of Sports Physiology and Performance. 2017 Apr; 12(Suppl 2):S2-2±
S2-8.

6. Dubois R, Lyons M, Paillard T, Maurelli O, Prioux J. Influence of Weekly Workload on Physical, Bio-
chemical and Psychological Characteristics in Professional Rugby Union Players Over a Competitive
Season. Journal of Strength and Conditioning Research. In press.

7. Hulin BT, Gabbett TJ, Lawson DW, Caputi P, Sampson JA. The acute:chronic workload ratio predicts
injury: high chronic workload may decrease injury risk in elite rugby league players. British Journal of
Sports Medicine. 2016 Feb; 50(4):231±6. https://doi.org/10.1136/bjsports-2015-094817 PMID:
26511006

8. Gastin PB, Fahrner B, Meyer D, Robinson D, Cook JL. Influence of Physical Fitness, Age, Experience,
and Weekly Training Load on Match Performance in Elite Australian Football: Journal of Strength and
Conditioning Research. 2013 May; 27(5):1272±9. https://doi.org/10.1519/JSC.0b013e318267925f
PMID: 22820206

9. Graham SR, Cormack S, Parfitt G, Eston R. Relationships Between Model Estimates and Actual
Match-Performance Indices in Professional Australian Footballers During an In-Season Macrocycle.
International Journal of Sports Physiology and Performance. 2018 Mar; 13(3):339±46. https://doi.org/
10.1123/ijspp.2017-0026 PMID: 28714739

10. Cunningham DJ, Shearer DA, Drawer S, Pollard B, Cook CJ, Bennett M, et al. Relationships between
physical qualities and key performance indicators during match-play in senior international rugby union
players. Rogan S, editor. PLOS ONE. 2018 Sep 12; 13(9):e0202811. https://doi.org/10.1371/journal.
pone.0202811 PMID: 30208066

11. Ungureanu AN, Condello G, Pistore S, Conte D, Lupo C. Technical and tactical aspects in Italian youth
rugby union in relation to different academies, regional tournaments, and outcomes. The Journal of
Strength & Conditioning Research. 2019; 33(6):1557±69.

12. Ungureanu AN, Brustio PR, Mattina L, Lupo C. ªHowº is more important than ªhow muchº for game pos-
session in elite northern hemisphere rugby union. Biology of Sport. 2019; 36(3):265. https://doi.org/10.
5114/biolsport.2019.87048 PMID: 31624421

13. Ortega E, Villarejo D, Palao JM. Differences in game statistics between winning and losing rugby teams
in the Six Nations Tournament. Journal of Sports Science & Medicine, 2009, 8(4), 523.

14. den Hollander S, Brown J, Lambert M, Treu P, Hendricks S. Skills associated with line breaks in Elite
Rugby Union. Journal of Sports Science & Medicine. 2016; 15(3):501.

15. FernaÂndez J, Medina Leal D, GoÂmez A, Arias Vicente M, Gavald�j Mestre R. Does training affect match
performance? A study using data mining and tracking devices. In: Machine Learning and Data Mining
for Sports Analytics: ECML/PKDD 2016 workshop: 19 September 2016, Riva del Garda, Italy. 2016. p.
1±10.

Workload and performance throughout a rugby season

PLOS ONE | https://doi.org/10.1371/journal.pone.0228107 January 29, 2020 19 / 21



16. Cummins C, Orr R, O'Connor H, West C. Global Positioning Systems (GPS) and Microtechnology Sen-
sors in Team Sports: A Systematic Review. Sports Medicine. 2013 Oct; 43(10):1025±42. https://doi.
org/10.1007/s40279-013-0069-2 PMID: 23812857

17. Weaving D, Dalton NE, Black C, Darrall-Jones J, Phibbs PJ, Gray M, et al. The Same Story or a Unique
Novel? Within-Participant Principal-Component Analysis of Measures of Training Load in Professional
Rugby Union Skills Training. International Journal of Sports Physiology and Performance. 2018 Oct; 13
(9):1175±81. https://doi.org/10.1123/ijspp.2017-0565 PMID: 29584514

18. Aupetit S. Influence du lieu de la rencontre sur la performance sportive (match �j domicile ou �j l'exteÂr-
ieur): une analyse critique. Science & MotriciteÂ. 2008;(65):9±34.

19. Foster C, Florhaug JA, Franklin J, Gottschall L, Hrovatin LA, Parker S, et al. A New Approach to Moni-
toring Exercise Training 2001 The Journal of Strength & Conditioning Research, 15(1), 109±115

20. Dubois R, Paillard T, Lyons M, McGrath D, Maurelli O, Prioux J. Running and Metabolic Demands of
Elite Rugby Union Assessed Using Tradi- tional, Metabolic Power, and Heart Rate Monitoring Methods.
Journal of Sports Science and Medicine 2017, 16: 84±92. PMID: 28344455

21. Anderson L, Orme P, Michele RD, Close GL, Milsom J, Morgans R, et al. Quantification of seasonal-
long physical load in soccer players with different starting status from the English Premier League: impli-
cations for maintaining squad physical fitness. International Journal of Sports Physiology and Perfor-
mance. 2016; 11(8):1038±46. https://doi.org/10.1123/ijspp.2015-0672 PMID: 26915393

22. Batterham AM, Hopkins WG. Making meaningful inferences about magnitudes. International Journal of
Sports Physiology and Performance. 2006; 1(1):50±7. PMID: 19114737

23. Hendricks S, Roode B, Matthews B, Lambert M. Defensive strategies in rugby union. Perceptual and
Motor Skills. 2013; 117(1):65±87.

24. Haghighat M, Rastegari H, Nourafza N. A Review of Data Mining Techniques for Result Prediction in
Sports. 2013; 2(5):6.

25. Federolf P, Reid R, Gilgien M, Haugen P, Smith G. The application of principal component analysis to
quantify technique in sports: PCA quantification of technique. Scandinavian Journal of Medicine & Sci-
ence in Sports. 2014 Jun; 24(3):491±9.

26. Bradley W, Cavanagh B, Douglas W, Donovan TF, Morton JP, Close GL. Quantification of training load,
energy intake, and physiological adaptations during a rugby preseason: a case study from an elite Euro-
pean rugby union squad. Journal of Strength and Conditioning Research. 2015, 29:534±44. https://doi.
org/10.1519/JSC.0000000000000631 PMID: 25029003

27. Malone JJ, Lovell R, Varley MC, Coutts AJ. Unpacking the Black Box: Applications and Considerations
for Using GPS Devices in Sport. International Journal of Sports Physiology and Performance. 2017 Apr;
12(s2):S2-18-S2-26.

28. Dalton-Barron NE, McLaren SJ, Black CJ, Gray M, Jones B, Roe G. Identifying Contextual Influences
on Training Load: An Example in Professional Rugby Union. Journal of Strength and Conditioning
Research. 2018 Jul;1.

29. Dubois R, Paillard T, McGrath D, Chamari K, Maurelli O, Polly S, et al. Changes in training load, running
performance, lower body power and biochemical characteristics of back players throughout a profes-
sional Rugby Union season. Journal of Human Sport and Exercise [Internet]. 2017 [cited 2019 Aug 12];
12(1). Available from: http://hdl.handle.net/10045/66788.

30. Courneya KS, Carron AV. The home advantage in sport competitions: A literature review. Journal of
Sport and Exercise Psychology. 1992; 14(1):13±27.

31. Thomas S, Reeves C, Bell A. Home advantage in the six nations rugby union tournament. Perceptual
and Motor Skills. 2008; 106(1):113±6. https://doi.org/10.2466/pms.106.1.113-116 PMID: 18459361

32. McLellan CP, Lovell DI. Neuromuscular responses to impact and collision during elite rugby league
match play. The Journal of Strength & Conditioning Research. 2012; 26(5):1431±40.

33. Roe G, Darrall-Jones J, Till K, Phibbs P, Read D, Weakley J, et al. The effect of physical contact on
changes in fatigue markers following rugby union field-based training. European Journal of Sport Sci-
ence. 2017 Jul 3; 17(6):647±55. https://doi.org/10.1080/17461391.2017.1287960 PMID: 28276911

34. Lupo C, Tessitore A. How important is the final outcome to interpret match analysis data: The influence
of scoring a goal, and difference between close and balance games in elite soccer: Comment on Lago-
Penas and Gomez-Lopez. Perceptual and motor skills. 2016; 122(1):280±5. https://doi.org/10.1177/
0031512515626629 PMID: 27420321

35. Hulin BT, Gabbett TJ. Activity profiles of successful and less-successful semi-elite rugby league teams.
International Journal of Sports Medicine. 2015; 36(06):485±9.

36. Kempton T, Coutts AJ. Factors affecting exercise intensity in professional rugby league match-play.
Journal of Science and Medicine in sport. 2016; 19(6):504±8. https://doi.org/10.1016/j.jsams.2015.06.
008 PMID: 26117160

Workload and performance throughout a rugby season

PLOS ONE | https://doi.org/10.1371/journal.pone.0228107 January 29, 2020 20 / 21



37. Sullivan C, Bilsborough JC, Cianciosi M, Hocking J, Cordy J, Coutts AJ. Match score affects activity pro-
file and skill performance in professional Australian Football players. Journal of Science and Medicine in
Sport. 2014; 17(3):326±31. https://doi.org/10.1016/j.jsams.2013.05.001 PMID: 23770325

38. Gorostiaga EM, Granados C, Ibanez J, Gonzalez-Badillo JJ, Izquierdo M. Effects of an Entire Season
on Physical Fitness Changes in Elite Male Handball Players: Medicine & Science in Sports & Exercise.
2006 Feb; 38(2):357±66.

39. Tee JC, Ashford M, Piggott D. A tactical periodization approach for rugby union. Strength & Condition-
ing Journal. 2018; 40(5):1±13.

40. Gabbett TJ. The trainingÐi njury prevention paradox: should athletes be training smarter and harder?
British Journal of Sports Medicine. 2016 Mar; 50(5):273±80. https://doi.org/10.1136/bjsports-2015-
095788 PMID: 26758673

41. Bartlett JD, O'Connor F, Pitchford N, Torres-Ronda L, Robertson SJ. Relationships Between Internal
and External Training Load in Team-Sport Athletes: Evidence for an Individualized Approach. Interna-
tional Journal of Sports Physiology and Performance. 2017 Feb; 12(2):230±4. https://doi.org/10.1123/
ijspp.2015-0791 PMID: 27194668

Workload and performance throughout a rugby season

PLOS ONE | https://doi.org/10.1371/journal.pone.0228107 January 29, 2020 21 / 21


