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Abstract

Objectives: To evaluate strength and flexibility measures ped post- Australian Football (AF)

competition to determine their potential utility sscondary prevention measures.

Design: Cohort study

Setting: Semi-professional AF club

Participants: Ten male AF athletes (mean + SD; age, 21.3+2.2yéaight, 186.1+6.3cm; weight,

83.58.6kg)

Main Outcome Measures. Maximal unilateral isometric knee flexion strengtkerformed in 45

degrees of hip flexion and 30 degrees of kneedlexilexibility measures of hip and knee extension
and ankle dorsiflexion. All outcome measures wevaliated pre-match to determine baseline
measurements and repeated acutely post-match £&] &0 and 74 hours following. Comparisons

were made between baseline measures and all otieepoints.

Results: Knee flexion strength was significantly reducedaroup level acutely (-122.8N, 95%CI -
156.2 to -89.4,p=0.000) and at 26 hours (-89.6N, 95%CI -122.9 t6.25p=0.000) following
competition. Hamstring flexibility was significagitteduced at all time periods following competition

(all p<0.05), however these values were not clinicallanmegful.

Conclusions. Knowledge that unilateral isometric knee flexioneagth returns to pre-competition
levels by 50 hours following match-play in AF atieleis valuable for planning recovery time frames

and may inform implementation of secondary prewenstrategies.

Highlights:

* Maximal voluntary isometric knee flexion strengshsignificantly reduced at 26 hours following

competitive match-play in adult semi-profession&l #hletes



34 « Knowledge that restoration of maximal isometric d&fiexion strength occurred by 50 hours post-
35 match at the group level may be used to monitoowexy and assist in planning of subsequent
36 training sessions

37 + Information regarding knee flexion strength recgviailowing match-play may be particularly

38 pertinent for monitoring athletes with a past-higtof hamstring strain

39 Keywords: Secondary prevention; athlete monitoring; hamstsitngin injury

40

41

42



43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

I ntroduction

A large body of literature has been dedicated tdeustanding potential risk factors associated with
hamstring strain. A number of non-modifiable rigictors have been identified including increased
player age, indigenous race and a past history ath thamstring and other injuries (Verrall,
Slavotinek, Barnes, 2001). Other known risk factetgh as hip, knee and ankle flexibility have been
reported (Bradley & Portas, 2007; Gabbe, Bennefich;, 2006; Witvrouw, Danneels, Asselman,
2003). Hamstring strength deficits have also bemmsistently identified (Orchard, Marsden, Lord,
1997), and are modifiable. However, despite thigh lhates of hamstring strain have been stable and
hamstring strain remains the most common and peavatjury reported since the inception of injury
surveillance in the Australian Football League (@rc, Seward, Orchard, 2013). One reason for this
might be that identified strength deficits haverbeeported as single measures usually conducted in
the pre-season (Opar, Williams, Timmins, 2014; @rdtet al. 1997) and are unable to reflect weekly
fluctuations that might occur due a variety of mressuch as the accumulation of fatigue. It has bee
reported that high-intensity activities are sigrafitly reduced in the final stages of competitive
match-play, across several matches for intermitteatn sports (Bradley, Sheldon, Wooster, 2009;
Skykes, Twist, Nicholas, 2011), possibly associatéith match-induced fatigue (Black, Gabbett,

Naughton, 2016).

Knowledge of weekly fluctuations of hamstring sggnand lower limb flexibility profile changes
throughout the in-season period, particularly ispanse to match-play, may contribute to a better
understanding of the aetiology of hamstring injsiridt is currently uncertain as to whether potdnti
variations may elucidate athletes at risk of injorymaladaptation to the completed workloads. In
this context, routine monitoring of strength andido limb flexibility may present an opportunity for
secondary prevention (Jacobsson & Timpka, 2015¢ois#ary prevention is one of three sub-
categories (primary, secondary and tertiary) oi@néative measures aimed at preventing a specific
pathology. Secondary prevention measures are ingultsd before pathology has caused long-term
disability where sub-clinical signs of pathology ymexist (Jacobsson & Timpka, 201%),practice

this refers to early detection and interventiondrasising clinical signs which may result in injury.
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Recently, a simple and inexpensive method of maagusometric knee flexion strength, namely
externally fixed dynamometry, has been evaluatetegponse to competitive match-play in junior
elite soccer athletes (Wollin, Thorborg, Pizzafi1®). Results demonstrated significant reductions i
strength compared with pre-match measures imméygianel at 24 hours following match-play. This
is yet to be investigated in AF, where, similardysoccer, match running volumes are large and the
rate of hamstring strain is high (Bradley & Noak&f)13; Woods, Hawkins, Maltby, 2004).
Information on recovery of strength and flexibilitgeasures following Australian Football match-

play would be able to inform sports specific injpngvention practices.

The aim of this study was to evaluate the effeatahpetitive match-play on measures of isometric
knee flexion strength and lower limb flexibility isemi-professional AF athletes. Knowledge of
timeframes of recovery of knee flexion strength andtle, hip and knee flexibility using clinically

feasible tools could assist planning of trainingl amform implementation of in-season monitoring

strategies in high-risk cohorts as a componeneodisdary prevention.

M ethods

This study was a cohort study using repeated-measuhich assessed the responsiveness of lower
limb strength and flexibility measures to compe&itiAF match-play. Baseline measures were
conducted pre-match (within four hours of the comoagnent of competition) and were re-assessed
acutely post-match (within 30 minutes), and agai®6a 50 and 74 hours following competition.
Participants (n=10, n=20 limbs) were recruited frarsingle sub-elite Australian football team in the
North East Australian Football League Competitiansenior, semi-professional AF competition,
during the 2016 season. Each participant was pedwdth a detailed verbal and written explanation
of the full experimental procedure. All participamrovided written informed consent. This study was
approved by the Australian Institute of Sport Eshi@ommittee (Approval Number: 20160805) and
was conducted in accordance with the Helsinki Datilan. Participants were included if they were
pain and injury free at the time of testing, repdrhio lower limb injuries in the month prior andlha

completed a minimum of one month of full trainimgdamatch-play prior to testing. Participants were
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excluded if they sustained an injury during theahdh question or did not participate3@5 minutes

on the field for each of the four quarters of thetch.

Prior to baseline testing, it was ensured thapaiticipants were familiarised with the experiménta
procedure. Physical outcome measurements includiederdal maximum voluntary isometric
contraction (MVIC) of the knee flexors and lowemhb flexibility. Unilateral MVIC of the knee
flexors was evaluated using an externally-fixedadgnmeter and strength was recorded in Newtons
(N) using a reliable protocol that has been preslipwescribed in detail (Wollin, Purdam, Drew,
2015). This test is performed with the athlete iang with the hip in 45 degrees of flexion and the
shank parallel to the ground. This protocol has alestrated a 5% standard error of measurement
(SEM) and 14% minimal detectable change (MDC) (Vdokt al. 2015). Bilateral lower limb
flexibility outcome measurements included anklesdt@xion range of motion assessed using the
knee to wall (KTW) test (Dennis, Finch, Elliot, Z)Qhip extension range of motion using a modified
version of the Thomas Test (MTT) (Dennis et al.&08hd hamstring flexibility using the active knee
extension (AKE) (Wollin et al. 2016) test. Thesestse were specifically chosen due to their
identification as potential hamstring strain injuigk factors having been previously associateth wit
hamstring strain injury in team sport populatiodsth MTT and AKE were measured using a bi-level
inclinometer (Isomed Inc, Kirkland WA, USA). Thdiability and procedures of these tests have also
been previously described in detail (Dennis e28D8; Wollin et al. 2016). Briefly, all three tests
have previously demonstrated excellent intra-regkability in healthy adult populations: KTW (ICC

= 0.98, SEM 0.3cm, MDC 0.8 cm) (Dennis et al. 20@8¢ modified MTT (ICC = 0.97, SEM 1.3,

MDC 3.6°)(Dennis et al. 2008) and AKE (ICC = 0.91 - 0.92, ®1B5.2-10°) (Wollin et al. 2016).

Pre- and post-match testing was conducted at theetground of the participants (Manuka Oval,
Canberra). Immediate post-match recovery was stdisdal for all participants and involved

ingestion of 250mL of electrolyte drink and waterdesired just prior to completion of post-match
testing. For the subsequent time periods followmngtch play (26, 50 and 74hours), testing was

conducted at the Australian Institute of Sport Rtals Therapies Department using the same
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equipment and set up. All knee flexion isometriceisgth tests were conducted by a senior
physiotherapist (PC) who was familiar with the imgtprocedures. All flexibility testing was
conducted by a senior physiotherapist (SR) alsdliEanwith the testing procedures. Athlete age,
height and weight and lever length was collectedaliyained research assistant who also recorded
knee flexion strength testing results such thah llbé assessor and participants were blinded to the
results. For flexibility testing, only the participts were blinded to the results due to logistical
reasons. Participants were allocated a random afdessessment as well as random test order prior
to baseline testing and this sequence was maictdimehe remainder of the testing time points. The

testing procedure was conducted around a singl@etitive match, during the in-season period.

All data was assessed for normality using the Sbapfilk test and via visual inspection. All
statistical analyses were performed using StatiC1&ataCorp, USA). Pilot analyses indicated that
an a priori estimate of group size indicated at least sixigipents were required (estimated 73N
difference in effect parameters;0.05; $=0.20). To assess the relationship of match-plaglbthe
strength and flexibility measurements, a linear edieffect model (restricted maximum likelihood
[REML] regression) was fitted with time (pre, po&6-, 50-, 74- hours) as a fixed effect for each
physical measurement. A random effect for side @efight) was fitted within participant to accdun
for within side and participant variances. To aveitbrs associated with comparisons of normalised
data, raw values were utilised in the mixed modnkel, Mouser, Mattocks, 2016). Normalised
baseline characteristics were determined for theogaes of comparison with other populations.
Statistical significance was determined when th @®nfidence intervals of the fixed effects within
the model did not include zero, where zero reprssen change from baseline. Clinically meaningful
changes for all tests were sefpriori as KTW (>2cm change), AKE (>10° change), MTT (>10°
change) and isometric knee flexion strength (>14%group baseline, 59.7N, as this is smallest
detectable change measurable by the test) (Wotlial.e2016). These values were determined
according to the SEM and MDC of each test (outliabdve), whereby any observed change was
required to sufficiently exceed both of these messdor it to be considered clinically meaningful.

Individual responses are represented in a “prgfilet” (“profileplot” command, Stata 13IC) to



152  indicate the individual nature of the responsehtodompetition. The use of raw values, mean change
153  and 95% confidence intervals as well as the plptthindividual responses was based on published
154  recommendations (Dankel et al. 2016).

155
156 Results

157  Ten healthy male adult semi-professional AF atkld¢teean + SD; age, 21.3 + 2.2 years; height,
158 186.1 + 6.3 cm; weight, 83.5 + 8.6 kg) volunteetedparticipate in this study. Five athletes were
159  midfield positions and five athletes were forwabdsks. The baseline measures for the group across
160 the four tests were (mean + SD): knee flexion sftlerfraw values, right 438 + 70.6N, left 414.7 +
161  86.3N, normalised, right 2.3 + 0.3 Nmkdeft 2.2 + 0.3 Nmkg), KTW (right 12 + 2.7cm, left 11.

162 5+ 3.3cm), AKE (right 163.7+ 8.5°, left 166.4 = 8)&nd MTT (right 14.1+ 7.7°, left 13.1 + 8.3°).

163  The Shapiro-Wilk Test and visual inspections intkdathat bilateral isometric knee flexion strength,
164  bilateral KTW and right sided AKE were normally wlisuted and parametric statistics could be
165 applied. The results of the linear mixed model presented in Figure 1. Maximal isometric knee
166 flexion strength was significantly reduced compatedbaseline pre-match measures at two time
167  periods; post-match (-122.8 N, 95% CI -156.2 t®-48p=0.000) and 26 hours post-match (-89.6 N,
168 95% CI -122.9 to -56.2p =0.000). No significant group changes were notedtlie other time
169  periods. KTW was significantly decreased post-mdtdh3 cm, 95% CI -2.01 to -0.54=0.001)
170 compared to baseline pre-match measures. KTW wss sibnificantly increased compared to
171 baseline at 50 hours (1.2 cm, 95% CI 0.42 to 1p80,002) and 74 hours (1.4 cm, 95% CI 0.68 to
172 2.18,p=0.000) post-match. Whilst these results were stiadilly significant, the values were small
173 and did not exceed clinically meaningful changesEAvas significantly decreased at all time periods
174  post-match compared with baseline pre-match meas@tganges from baseline ranged from -3.82°
175  (95% CI -6.6 to -1.1p=0.006) post-game to -4.67° (95% CI -7.4 to -p20.001) at 74 hours post-
176  game, and therefore were not clinically meaningfil.T scores were significantly increased at 50

177  hours (5.63°, 95% CI 2.85 to 8.4%50.000) and 74 hours (4.83°, 95% CI 2.02 to 7p5%®,.001) post-



178 match compared with pre-match measures. Thesessearee small and did not exceed clinically
179  meaningful changes. For all tests the responses tighly individual and are visually represented

180  across time-periods in Figure 2.

181  Figure 1 Predictive margins based on mixed model statigtcsall outcome measures, with 95%

182  confidence intervals (CIs) representing effect.size
183  [Insert Figure 1 about here]

184  Footnote: *statistically significant change fromsbhine;"clinically meaningful change from baseline.
185 Dashed lines represent clinically meaningful masgirom baseline measures. AKE, active knee

186  extension; MTT, modified Thomas test; KTW, kneevall test; N, Newtons; cm, centimetres.
187  Figure 2 Profile plot of individual responses to compettimatch-play across time points.
188  [Insert Figure 2 about here]

189 Footnote: AKE, active knee extension; MTT, modifiEtdomas test; KTW, knee to wall test; N,

190 newtons; cm, centimetres.
191 Discussion

192 A significant reduction in knee flexion strengthsv@ported acutely post-match and at 26 hours post-
193  match compared with baseline pre-match measuresa Qroup level, knee flexion strength was
194  restored to pre-match levels by 50 hours post-matdhilst there was also a humber of flexibility
195 measures that were significantly different to bagseineasures, these numbers were small and did not
196  exceed MDC values for the tests and therefore weteconsidered to be clinically meaningful as

197  determined by tha priori criteria.

198  This study has replicated the findings observeplirior elite soccer athletes following competitive
199  match-play (Wollin et al. 2016) whereby a significaeduction in isometric knee flexion strength was
200 measured immediately and 24 hours post-game. Thentustudy utilised the same knee flexion

201  strength testing protocol and equipment as Wolliale(2016) and was able to demonstrate similar
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reductions in knee flexion strength despite diffiees in code of football and age group. It has been
shown, however that sub-elite AF matches covertgraaean total distances (13174mpmpared
with soccer (10720m for top-class athletes) (Mahale2003), and therefore it is logical that samiif

not greater strength reductions may be evident.il&inpost-exercise results have also been
reproduced using match-simulation running protocafsl testing using isokinetic dynamometry
(Greig & Siegler, 2009; Small, McNaughton, Greid)18; Robineau, Jouaux, Lacroix, 2012).
Advantages of the isometric protocol utilised ie tturrent study as opposed to isokinetic testieg ar
that it is more clinically feasible for sub-eliteogulations being quicker, lower cost and having

minimal set up requirements.

The strength reductions observed in this study ichately and at 26 hours following match-play are
similar to those observed in delayed onset musmiengss studies whereby peak torque deficits are
most evident at 24-48 hours following intense etrieexercise (Cheung, Hume & Maxwell, 2003).
These deficits are most apparent for eccentrim@astiand less pronounced for isometric actions
(Smith, 1992). Whilst this information regardingetleffects of delayed onset muscle soreness has
been available for decades, new information th& #tudy provides is the nature of activity

investigated and the clinically feasible methodasdessment.

At a group level, knee flexion strength had recedeto pre-match levels by 50 hours. This implies
that most athletes should regain baseline isomstriength at this time and where this has not
returned to baseline levels, secondary preventimategies such as training load modification or
further recovery modalities might be indicated lumstrength is returned. Given the association
between maximal speed sprinting and incidence wistiégng strain injury (Askling, Tengvar, Saartok

et al. 2007) as well as the association betwege haeekly volumes of high speed running and injury
(Duhig et al. 2016) it may be pertinent to delayts of high speed running within training sessions
until isometric strength has returned to baselieeels. Recovery strategies such as cold water
immersion which have been shown to reduce deficitsometric lower limb strength compared with

no intervention following exhaustive team sportreise (Ingram, Dawson, Goodman et al. 2009)

could also be considered. This finding that isoindtnee flexion strength had recovered to baseline
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measures within 50 hours following competition isoarelevant when considering injury risk and

congested competition fixtures. Whilst currenthknown in AF, it has been shown in professional
soccer that muscle injury rates are lower when matgosures are a minimum of six days apart
(Bengtsson, Ekstrand, Walden et al. 2017). Ingbititrecover hamstring strength in a timely manner
may be especially pertinent given repeated expedoreompetition and future research is required to

investigate this relationship with regard to hamgtinjury.

At a group level, the results of this study indic#that AKE was significantly reduced at all time-
periods following match play. However, these valwesre small and therefore not considered
clinically meaningful. The AKE test has previouslgmonstrated prognostic value in track and field
athletes with early deficits in range of motionretated with time to full athletic activities follang
hamstring strain (Malliaropoulos, Papacostas, Kir2010).Tertiary prevention is aimed at providing
interventions which reduce the complications of ¢herent pathology. These complications may be
recurrent injuries, subsequent injuries of othetybareas and persisting deficits that impact faamcti
(Jacobsson & Timpka, 2015). In this situation, vehan athlete is in a tertiary prevention program,

monitoring hamstring length using AKE following mhtplay may be warranted.

This study has several strengths. The protocol tiae efficient and inexpensive to set-up.
Combining the results of this study and previouskn@Vollin et al. 2016), the generalisability ofeth
results appears to indicate that isometric strengthe knee flexors is reduced for a period of tme
two days after a single game and is not restritigtie elite sporting environment. Additionallyjgh
study was conducted using competitive match-play ot a simulated treadmill protocol that may
not necessarily replicate the demands of competitieluding motivation to perform repetitive high
intensity efforts and sports specific skills such kicking. Simulated protocols have identified
significant reductions as early as halftime (45 utés) during a match (Greig & Siegler, 2009).
Epidemiological evidence suggests that hamstrirajnst tend to occur in the latter stages of soccer
matches and movement demands in AF have been sioobenreduced in the second half of match-

play at both the elite and sub-elite level (Brewéral. 2010). One limitation of this study was,
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however, the inability to compare external load ti@®and running speed) to decrements in strength

as Global Positioning System units were unavailable

Future research should investigate the abilityhefisometric knee flexion strength test as a seargnd
prevention program. Currently, this study has batale to show this test to be clinically feasible an
sensitive to match-play in Australian Rules footb&lonversely, given the large variability across
days and the interaction with competition worklaatiss test would appear to be inappropriate as a
“once off” pre-season screening test and therefimterecommended as a primary prevention tool.
Additionally, whilst there is inconsistent evidenagarding persisting deficits of isokinetic stréng
following hamstring injury (Maniar, Shield, Williagnet al. 2016), there is emerging evidence of
persisting isometric deficits (Hickey, Hickey, Maniet al. 2017). If athletes with a history of
hamstring strains have persistent deficits in idoim&nee flexion strength measures this may then
form a component of tertiary prevention. For examdnee flexion strength programs targeted at
athletes with a past-history of hamstring strajnrincould be implemented to address any identified
strength deficits. Future research could also ityae whether similar results on a group level are
evident over time as opposed to a single occasianadch-play and whether different teams from
different levels of competition respond in the samay. Similarly, given the positional differences i
total and high speed distances observed during etitiom in professional AF athletes (Gray &

Jenkins, 2010), the potential effect of this on nitagle of strength decrements could be explored.

Conclusion

Maximal voluntary isometric knee flexion strengghsensitive to the effects of competition in semi-
professional AF athletes and remains significantiguced at 26 hours following match-play. This
information highlights its potential as a componearit a secondary prevention program. This
information may also assist with planning subsetugaining sessions following match-play
especially those involving large volumes of higleegh running. Testing maximal isometric hamstring
strength using the methods described in this siadgn efficient and relatively low cost option,

however due to the variability of strength obserf@tbwing competition, it is not recommended for
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use as a single pre-season measure for primargmien purposes. Of the physical tests investigated
isometric knee flexion strength was the only measamreach group clinical and statistical differesic

from baseline.

Conflict of interest statement

None declared.

Ethical Statement

This study was approved by the Australian InstiftéSport Ethics Committee (Approval Number:
20160805) and was conducted in accordance withHetlsinki Declaration. Participants provided

written informed consent.

Funding

None.

Acknowledgements

The authors sincerely thank Benjamin Waite, HeadoB@f the Canberra Demons Football Club, for
his support and the players for their participatiorthis study. We acknowledge and thank Kayla

Bonney and Sam Breese for their assistance withatdkection.



297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

14

References

1. Aaskling CM, Tengvar M, Saartok T & Thorstensson (8007). Acute first-time hamstring

strains during high speed runniridne American Journal of Sports Medicine. 35(2), 197-206.
Bengtsson H, Ekstrand J, Walden M, et al. (201 Q)sdle injury rate in professional football is
higher in matches played within 5 days since trevipus match: a 14-year prospective study
with more than 130 000 match observatidrstish Journal of Sports Medicine. Published Online
First: 03 November 2017. Doi: 10.1136/bjsports-2098399.

Black GM, Gabbett TJ, Naughton GA, et al. (201@he effect of intense exercise periods on
physical and technical performance during elitetfalien Football match-play: A comparison of
experienced and less experienced playeng.nal of Science and Medicine in Sport. 19(7), 596-
602.

Bradley PS, Noakes TD. (2013). Match running penfimce fluctuations in elite soccer:
Indicative of fatigue, pacing or situational infhees?Journal of Sports Sciences. 31(15), 1627-
1638.

Bradley PS, Portas MD. (2007). The relationshipveen preseason range of motion and muscle
strain injury in elite soccer playerdournal of Strength and Conditioning Research. 21(4), 1155-
1159.

Bradley PS, Sheldon W, Wooster B, et al (2009).hHigensity running in English FA Premier
League soccer matchesurnal of Sports Sciences.27(2), 159-168.

Brewer C, Dawson B, Heasman J, et al. Movemengepattomparisons in elite (AFL) and sub-
elite (WAFL) Australian football games using GP3010). Journal of Science and Medicine in
Sport. 13(6), 618-623.

Cheung K, Hume PA & Maxwell L (2003). Delayed onseiscle soreness: Treatment strategies
and performance factorSports Medicine. 33(2), 145-164.

Dankel SJ, Mouser JG, Mattocks KT, et al. The widead misuse of effect sizes. (2017).

Journal of Science and Medicine in Sport. 20(5), 446-450.



323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

349

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

15

Dennis RJ, Finch CF, Elliott BC, et al. (2008). Tiediability of musculoskeletal screening tests
used in cricketPhysical Therapy in Sport. 9(1), 25-33.

Duhig S, Shield AJ, Opar D, et al. (2016). Effethigh-speed running on hamstring strain injury
risk. British Journal of Sports Medicine.50(24), 1536-1540.

Freckleton G, Pizzari T. (2012). Risk factors fantstring muscle strain injury in sport: a
systematic review and meta-analy&sitish Journal of Soorts Medicine. 47(6), 351-358.

Gabbe BJ, Bennell KL, Finch CF, et al. (2006). eds of hamstring injury at the elite level of
Australian football Scandanavian Journal of Medicine and Sciencein Sports. 16(1), 7-13.

Gray MAJ, Jenkins DG. (2010). Match analysis angl pihhysiological demands of Australian
football. Sports Medicine. 40(4), 347-360.

Greig M, Siegler JC. (2009). Soccer-specific fatiqand eccentric hamstrings muscle strength.
Journal of Athletic Training. 44(2), 180-184.

Hickey J, Hickey P, Maniar N et al. (2017). Novabeclinically practical measures of hamstring
strength: The HamSling reliability and retrospeetiv. study.
http://dx.doi.org/10.1016/j.jsams.2017.01.218.

Ingram J, Dawson B, Goodman C, Wallman K & Beilby(2009). Effect of water immersion
methods on post-exercise recovery from simulatadteport exerciselournal of Science and
Medicinein Sport. 12(3), 417-421.

Jacobsson J, Timpka T. (2015). Classification ofvEntion in Sports Medicine and
Epidemiology.Sports Medicine.45(11), 1483-1487.

Maniar N, Shield AJ, Williams MD, et al. (2016). Hatring strength and flexibility after
hamstring strain injury: a systematic review andtayanalysis.British Journal of Sports
Medicine. Published Online First: 13 April 2016. doi: 10361bjsports-2015-095311.
Malliaropoulos N, Papacostas E, Kiritsi O, et 2010). Posterior thigh muscle injuries in elite

track and field athlete&\merican Journal of Sports Medicine. 38(9), 1813-1819.

Mohr M, Krustrup P, Bangsbo J. (2003). Match perfance of high-standard soccer players

with special reference to development of fatigloernal of Sports Sciences. 21(7), 519-528.



350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

16

Opar DA, Wiliams M, Timmins R, et al. (2014). Ectec hamstring strength and hamstring
injury risk in Australian footballersviedicine Science and Sports Exercice. 47(4), 857-865.
Orchard J, Marsden J, Lord S, et al. (1997). Pemse&amstring muscle weakness associated
with hamstring muscle injury in Australian footkak. American Journal of Sports Medicine.
25(1), 81-85.

Orchard J, Seward H, Orchard JJ. (2013). Resul&sddcades of injury surveillance and public
release of data in the Australian Football Leag\reerican Journal of Sports Medicine. 41(4),
734-741.

Robineau J, Jouaux T, Lacroix M, et al. (2012). idewscular fatigue induced by a 90-minute
soccer game modelingournal of Srength and Conditioning Research. 26(2), 555-562.

Small K, McNaughton L, Greig M, et al. (2010). Teffects of multidirectional soccer-specific
fatigue on markers of hamstring injury riskurnal of Science and Medicine in Sort. 13(1), 120-
125.

Smith LL (1992). Causes of delayed onset muscleergss and the impact on athletic
performance: a reviewlournal of Applied Sports Science Research. 6(3),135-141.

Sykes D, Twist C, Nicholas C, et al. (2011). Chanigdocomotive rates during senior elite rugby
league matchesgournal of Sports Sciences. 29(12), 1263-1271.

Verrall G, Slavotinek J, Barnes P, et al. (2001)ni€al risk factors for hamstring muscle strain
injury: a prospective study with correlation ofuny by magnetic resonance imagiri.itish
Journal of Sports Medicine. 35(6), 435-439.

Witvrouw E, Danneels L, Asselman P, et al. (200@uscle flexibility as a risk factor for
developing muscle injuries in male professionalceomlayers a prospective studymerican
Journal of Sports Medicine. 31(1), 41-46.

Wollin M, Purdam C, Drew MK. (2016). Reliability @xternally fixed dynamometry hamstring
strength testing in elite youth football playedsurnal of Science and Medicine in Sport. 19(1),

93-96.



376

377

378

379

380

381

382

383

17

32. Wollin M, Thorborg K, Pizzari T. (2016). The acwffect of match play on hamstring strength
and lower limb flexibility in elite youth footbafplayers.Scandinavian Journal of Medicine and
Sciencein Sports. 27(3), 282-288.

33. Woods C, Hawkins R, Maltby S, et al. (2004). TheotBall Association Medical Research
Programme: an audit of injuries in professionalttbati—analysis of hamstring injurie8ritish

Journal of Sports Medicine. 38(1), 36-41.



Linear Prediction, Fixed Portion
Knee Angle (Degrees)
164 169 174 179

159

D154

12 14

Linear Prediction, Fixed Portion
Distance (cm)
10

®
P

Results of physical measures across testing periods

Adjusted Predictions (95% CI) of Active Knee Extension

T T T T
re-game Post-game 26hours 50hours

Adjusted Predictions (95% Cl) of Knee to Wall

T T T T
re-game Post-game 26hours 50hours

74hours

Raw Force (N)

Linear Prediction, Fixed Portion
350

Linear Prediction, Fixed Portion
Hip Angle (Degrees)

Adjusted Predictions (95% CI) of Knee Flexor Force

450 500

400

300

o 250

T T T T T
re-game Post-game 26hours 50hours 74hours

Adjusted Predictions (95% CI) of Thomas Test

22

17
L

12
L

7
L

~

T T T T T
Pre-game Post-game 26hours 50hours 74hours




Left Degrees)

Left (cm)

Individual responses of physical measures
across testing periods

Active Knee Extension Knee Flexor Force
s s s g
21 K 21 g
g1 H
8 g
2] s
7 g g
g _
g g2 B z
| [ 5o 5o
) A &g
@
g g g g
s g
&1 g
§4 H s
Pre-game Post-game  26hours 50hours 74hours Pre-game Post-game  26hours 50hours: 74hours Pre-game Post-game  26hours 50hours 74hours Pre-game Post-game  26hours 50hours: 74hours
Knee to Wall Thomas Test
& e 8 8
.
-
& 5]
_ 7 g
£ 8 14
I 5, 2
£ &2 =
€ B H
] - &
o -
-
2 El

Pre-game Postgame 26hours  SOhours  74hours  Pre-game Postgame 26hours  5Ohours  74hours Pre-game Postgame 26hours  S0hours  74hours  Pre-game Postgame 26hours  50hours  74hours



