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ABSTRACT
Background/Aim: Eccentric hamstring strength is an aetiological risk factor for soccer

injury. The temporal pattern of recovery post-exercise is critical in injury management.

Methods: 18 male professional soccer players completed baseline assessments of eccentric
hamstring strength at isokinetic speeds of 60, 150 and 300°-s. Post SAFT®® measures were
repeated immediately, +24hrs, +48hrs and +72hrs. Main effects for recovery time and testing
speed in average torque (AvT), peak torque (PT) and the corresponding angle (©) were

supplemented by regression modelling to describe the temporal pattern of recovery.

Results: A main effect for isokinetic testing speed was observed in PT and AvT. A main effect
for recovery time highlighted greater strength pre-exercise, with a quadratic pattern to temporal

recovery highlighting minima achieved at between 40-48 hrs.

Conclusion: Strength parameters are not fully recovered until 96 hrs post soccer specific
fatigue, with implications for training design and injury management, particularly within

fixture-congested periods.

INTRODUCTION

Epidemiological research consistently highlights the incidence of hamstring muscular strain
injury in soccer (e.g. Woods et al., 2004; Ekstrand et al., 2012). Aetiological risk factors
associated with the risk of hamstring strain injury include poor eccentric muscular strength
(Walden et al., 2011; Hewett et al., 2013; Kim et al., 2016), with subsequent implications for
ipsilateral strength imbalances. The temporal pattern of hamstring injury during soccer match-
play highlights fatigue as a risk factor for injury (Ekstrand et al., 2016), with the majority of
injuries incurred during the latter stages of each half. Eccentric hamstring strength has been
shown to be impaired by exercise including high-intensity cycling (Mercer et al., 2003),
repeated maximal isokinetic contractions (Gleeson et al., 1995), and prolonged intermittent
treadmill running (Rahnama et al., 2003; Greig, 2008). Spendiff et al. (2002) highlighted that
the nature of muscle fatigue is likely to be specific to the movement pattern of the exercise
protocol, with soccer characterised by an intermittent and multi-directional activity profile. A

reduction in eccentric hamstring strength as a result of soccer-specific fatigue has been
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identified as a key contributory factor to non-contact musculoskeletal injury (Greig, 2008;
Small et al., 2009; Delextrat et al., 2010; Opar et al., 2012).

Despite advancements in injury prevention approaches within sports medicine and associated
disciplines, the incidence and temporal pattern of non-contact musculoskeletal injury in the
hamstrings over the last decade has not changed (Woods et al., 2004; Arnason et al., 2008;
Ekstrand et al., 2011, Ekstrand et al., 2016). Of note, previous research into the risk of soccer-
specific fatigue has typically only considered the acute and immediate effects of a single
simulated match. This experimental paradigm fails to consider the context of contemporary
elite soccer, where demand is placed on the frequency and subsequent congestion of training
and match-play. Fixture congestion is a contemporary concern within soccer, (Carling et al.,
2015) with implications for both performance (Odetoyinbo et al., 2007; Carling et al., 2012;
Rollo etal., 2014) and injury risk (Dupont et al., 2010; Ekstrand et al., 2011; Dellal et al., 2015).
It is defined as a period where players are expected to compete in many matches in a short
period, often represented by three games in a week (Dupont et al., 2010). Research has
suggested that periods of fixture congestion increase the chance of players sustaining non-
contact musculoskeletal injury (Dupont et al., 2010; Ekstrand et al., 2011; Dellal et al., 2015).
It is common within soccer for players to be exposed to three games in a week, with as little as
72 hours between games. The periodisation of training micro-cycles and design of optimum
recovery strategies would be enhanced by a greater understanding of the influence of fatigue
beyond the immediate post-exercise response. The aim of the current study is therefore to
quantify the temporal pattern of recovery in eccentric hamstring strength for 72 hrs after a
simulated soccer specific fatigue protocol. It was hypothesised that eccentric hamstring
strength measures would remain suppressed for 72 hrs post-exercise. Male professional soccer
players are used in the current study, given the specific nature of the evidence base in regards

to injury epidemiology and notation analysis used to develop the exercise protocol.

METHODS

Participants

Eighteen male professional soccer players completed the present study, with a mean age of
(22.94+4.57 years, 185.38+4.22 cm, 75.91+6.38 kg). All participants provided written
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informed consent in accordance with Department and Faculty Research Ethics committees at

the host University, and in accordance with the Helsinki Declaration.

Experimental Design

Participants completed a familiarisation trial 7 days prior to testing to negate potential learning
effects (Hinman, 2000), which included the Soccer Aerobic Field Test (SAFT®®) protocol
(Lovell et al., 2008) and the isokinetic testing battery. Subsequently, the testing session also
included elements of the SAFT® as part of the pre-exercise warm-up, and trial repetitions of
the isokinetic tasks. All testing completed between 13:00 and 17:00 hrs to account for the
effects of circadian rhythm and in accordance with regular competition times (Sedliak et al.,
2011). All trials were completed on the dominant lower limb, identified by their favoured
kicking foot, based on non-contact musculoskeletal injury epidemiology (Brophy et al., 2010).

All testing was completed on the same isokinetic dynamometer (System 3, Biodex Medical
Systems, Shirley, NY, USA) at speeds of 60, 150, and 300°-s%. Participants were asked to
complete ten minutes of the SAFT*® protocol as a warm up followed by directed dynamic
stretching focussed on the quadriceps, hamstrings, gluteals and gastrocnemius. The SAFT®
was utilised within the study as it is a free running protocol that replicates the physiological
and mechanical demands experienced during game play (Lovell et al., 2008). Over a 20m
distance players move through a series of cones and poles, alternating between side steps,
backwards running, accelerations and decelerations with varying intensities, which are
prompted by audio cues. The 15 minute activity profile is repeated six times to formulate the
90 minutes, with players having a 15 minute half time break, where they are directed to sit, as
they would in normal game play. The activity profile is performed in a randomised and
intermittent fashion, and incorporates 1269 changes in speed and 1350 changes in direction

over a 90-minute period (Small et al., 2009).

Pre-exercise, all players completed the isokinetic testing battery, which comprised 3 sets of 5
maximal eccentric knee flexor repetitions. Between eccentric contractions, passive knee
flexion was conducted at 10°-s™ to return the test limb to the start position. Familiarisation
testing identified that this process facilitated maximal eccentric efforts. In all experimental
trials the participants were seated with restraints applied across the chest, pelvis and mid-thigh

to minimize extraneous body movements during muscle contractions. The rotational axis of



99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132

the dynamometer was aligned to the lateral femoral epicondyle and the tibial strap placed
distally at three-quarters of the length of the tibia. Participant’s arms were positioned across
the chest to isolate the hamstrings during torque production (Hazdic et al., 2010). The seat
position and set up was subject specific and established during familiarisation. Experimental
trials were conducted in the standardised order of 150°-s, 300°-s™and 60°-s* (Greig, 2008).
Each participant was told to complete each repetition throughout every set to their maximum
and were encouraged to do so throughout with verbal and visual feedback (Knicker et al.,
2011).

The standardised isokinetic testing battery was completed immediately following completion
of the SAFT®. Additional trials were completed at +24hrs, +48hrs and +72hrs in order to
monitor the temporal pattern of recovery in isokinetic performance. Between trials participants

were reminded to refrain from exercise and to maintain a normal diet.

Data Analysis

The gravity corrected torque-angle curve was analysed for each testing speed, with analysis
restricted to the isokinetic phase. The repetition eliciting the highest peak torque was identified
for subsequent analysis. Peak torque (PT), the corresponding angle (©), and the average torque
across the isokinetic phase (AvT) were identified for each player, at each testing speed (Greig.,
2008; Small et al., 2009). In subsequent sections the isokinetic data is distinguished across
speeds using subscripted values, for example the peak eccentric hamstring torque at 300°-s is
annotated as PTsoo. Each isokinetic variable was determined pre-exercise, immediately post-

exercise, and then at 24, 48 and 72 hours after exercise.

Statistical Analysis

A univariate repeated measures general linear model was used to quantify main effects for
recovery duration post-exercise and isokinetic testing speed. Interaction effects were also
quantified, and significant main effects in recovery duration were explored using post hoc
pairwise comparisons with a Bonferonni correction factor. The assumptions associated with
the statistical model were assessed to ensure model adequacy. To assess residual normality for

each dependant variable, g-q plots were generated using stacked standardised residuals.
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Scatterplots of the stacked unstandardized and standardised residuals were also utilised to
assess the error of variance associated with the residuals. Mauchly's test of sphericity was also
completed for all dependent variables, with a Greenhouse Geisser correction applied if the test
was significant. Partial eta squared (n?) values were calculated to estimate effect sizes for all
significant main effects and interactions. As recommended by Cohen (1988), partial eta
squared was classified as small (0.01-0.059), moderate (0.06-0.137), and large (>0.138).

The temporal pattern of changes in each isokinetic variable over the 72 hr data collection period
was examined using regression analyses. Linear and quadratic polynomial models were
applied, with the optimum fit determined by the strength of the correlation coefficient (r).
Where a quadratic regression analysis represented the best fit, the regression equation was
differentiated with respect to time to elicit the time (post-exercise) at which the data reached
maxima (or minima). All statistical analysis was completed using PASW Statistics Editor 22.0
for windows (SPSS Inc, Chicago, USA). Statistical significance was set at P < 0.05, and all

data are presented as mean + standard deviation.

RESULTS

Peak Torque

Figure 1 summarises the effects of the exercise protocol and the temporal pattern of recovery
on PT. There was a significant main effect for time post-exercise (F = 10.01, P < 0.001, n? =
1.36), with the pre-exercise value significantly higher (P < 0.008) than at all other time points.
With the data set collapsed to consider each speed in isolation, PT displayed a significant main
effect for time at all speeds (PTeo: P = 0.02, n? = 0.124; PT1s0: P = 0.008, n? = 0.148; PT300: P
=0.007, n> = 0.132). There was also a significant main effect for isokinetic testing speed (F =
3.30, P = 0.04, n? = 0.25), with PTs00 and PT1so significantly greater than at PTeo (P < 0.035).
There was no speed x time interaction (F = 0.33, P = 0.96, 2 = 0.010).

** |nsert Figure 1 near here **
The relationship between PT and post-exercise recovery duration was best represented as a

quadratic polynomial function at each speed (r > 0.88). The differentiated regression equations

yielded minima in PT between 40.49 hrs (PTs00) to 47.69 hrs (PTeo) post-exercise and maxima
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between 80.99 hrs (PTs00) and 95.38 hrs (PTeo) post-exercise. This would result in a predicted

return to baseline values of up to 95.38 hrs (PTeo) post-exercise.

Average Peak Torque

The temporal pattern of recovery in AvT is summarised in Figure 2. There was a significant
main effect for time post-exercise (F = 9.40, P < 0.001, n? = 0.129), with pre-exercise AvT
significantly higher (P <0.007) than at all other time points. AvT displayed a significant main
effect for time at all speeds (AvTeo : P = 0.006, n~ = 0.154; AvTiso : P = 0.007, n° = 0.150;
AvTzo0 : P = 0.031, n? = 0.116) when considered in isolation. There was also a significant
main effect for isokinetic testing speed (F = 8.31, P < 0.001, n? = 0.061). AvT300 and AvTiso
were significantly greater than AvTeoand were themselves no different (P = 1.00). There was
no speed x time interaction (F = 0.22, P = 0.99, n? = 0.07).

** Insert Figure 2 near here **

The relationship between AvT and recovery duration was again best modelled as a quadratic
function (r > 0.87) at each speed, with time histories reaching their differentiated minima at
between 41.01 hrs (AvTaoo) and 45.18 hrs (AvTeo) post-exercise post-exercise. Thus AvT
would return to baseline at up to 90.37 hrs (PTeo).

Angle of Peak Torque

Figure 3 summarises the temporal pattern of change in the angle of peak torque (©). There
was no significant main effect for recovery duration (F = 1.45, P = 0.219, n? = 0.025), or
isokinetic testing speed (F = 0.77, P = 0.465, n“ = 0.006). No speed x time interaction (F =
0.83, P = 0.58, n? = 0.025).

** Insert Figure 3 near here **
Quadratic correlation coefficients were strong at all speeds (r > 0.87), with differentiated

minima between 3.07 hrs (©es0) and 12.5 hrs (O300) and thus return to baseline between 12.52
hrs (O60) and 25.05 hrs (Os00).
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DISCUSSION

The aim of the present study was to investigate the temporal pattern of knee flexor eccentric
strength post soccer specific fatigue. Recent research in the area is limited in relation to injury
management, and methodological differences exist in isokinetic testing speeds for example,
thus making direct comparisons to previous findings difficult. The main focus of previous
research has been orientated around the influence of soccer specific fatigue during and
immediately following match-play simulations (Greig, 2008; Small et al., 2009), with little
consideration of the subsequent recovery in strength and implications for injury management.
Isolation of the hamstring muscle determines the direct effect of fatigue on its function. This
will provide the foundations for development of injury prevention and rehabilitation protocols

guiding strategies to reduce the incidence of injury.

Much of the previous research has considered only a single isokinetic testing velocity (e.g.
Small et al., 2009), which limits interpretation of the data and a critical discussion of functional
relevance to mechanism of hamstring strain injury. In the present study a range of test speeds
were used, and significant main effects for test speed were observed, supporting previous
research (Greig, 2008). These findings advocate the use of a range of speeds during isokinetic
testing, contradicting previous research (Dvir., 1991; Ayala et al., 2012). Despite no changes
in angular velocity in relation to © the findings in the present study advocate testing at more
than one speed and should be considered when utilising these measures with regards injury
prevention strategies or rehabilitation outcome measures. Caution should be taken when
directly comparing the findings reported with studies that have employed different testing
speeds. In addition to these findings no interaction was demonstrated for speed x time for any

of the measured parameters.

Results displayed show that there was a significant main effect for time in the isokinetic
parameters of PT and AvT, but no effect for ©. The immediate reductions in eccentric
hamstring strength were consistent with previous research on soccer specific fatigue protocols
(Willems et al., 2002; Sangnieer et al., 2007; Thomas et al., 2010). The present study
emphasises the significance of time on eccentric strength parameters and could potentially
indicate why players would be more prone to sustaining hamstring or ACL injury, particularly
in periods of fixture congestion (Dupont et al., 2010; Ekstrand et al., 2011; Dellal et al., 2015;

Bengtsson et al., 2017). Careful consideration must also be given to recovery strategies and
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rehabilitation post injury. The time effect post fatigue on strength parameters should be utilised
as a key marker in preparation for training/game play or equally act as an outcome measure in
a players return post injury. Reductions in isokinetic parameters post fatigue are displayed
through the 72 hr temporal pattern, suggesting that an athletes fatigue resistance must be
increased (Blanch et al., 2015; Hulin et al., 2015) or alternatively if they continue to train/play
they will be at an increased risk of injury. Recent studies have considered the potential of
elastic taping techniques during (Farquharson and Greig, 2017) and after (Boobphachart et al.,
2017; Choi and Lee, 2018) exercise, with implications for a reduction in the immediate fatigue

response and a change in the temporal pattern of recovery.

The use of quadratic regression analysis as a predictor of recovery indicating minima and
maxima of the curve for each calculated parameter could be a key tool utilised to preventing
injury. Functional hamstring strength has been highlighted in previous research as a key
aetiological factor contributing to non-contact hamstring and ACL injury (Greig, 2008; Small
et al., 2009; Hewett et al., 2013; Kim et al., 2016). Torque metrics within the present study
were best modelled as negative quadratic equations, each isokinetic parameter displays a
similar pattern of decreasing post exercise and subsequently recovering toward baseline.
Calculations for eccentric hamstring AvT and PT indicate that detrimental changes to their
function occur for 40.49 — 47.69 hrs and do not recover fully until 80.99 — 95.38 hrs post
fatigue. The quadratic regression analysis indicates that these deficits exist for up to 4 days,
with greatest recovery required in the slow and fast speeds. The minima of the curve and
observations of mean scores in Figures 1 and 2 highlight a potential window to optimise the
effectiveness of recovery strategies employed. Predictions of recovery for © displayed
minimal effects of fatigue, therefore indicating that although strength deficits exist, the effect

of fatigue on muscle architecture is minimal.

Recent research in soccer has shown that hamstring and ACL injuries are on the rise (Agel et
al., 2005; Walden et al., 2011; Serpell et al., 2012). The common mechanisms for both of these
injuries relate to linear motions either from a rapid acceleration/deceleration (Alentorn-Geli et
al., 2009; Opar et al., 2012) or an excessive anterior force through the knee joint (Walden et
al., 2011). The findings in the current research highlight a potential cumulative fatigue effect
that potentially could be a key aetiological factor contributing to the increase in these injuries.
Reductions in eccentric strength could suggest the muscle will be unable to resist required

loading through performance or stabilisation of the knee will be reduced as a result of decreased
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functional strength. Taking this into consideration it is important to consider whether high
velocity and high load training is appropriate in this period post fatigue, as the decrease in the
muscles functionality potentially increases the chance of sustaining injury. Interestingly, if a
predictive curve was applied to each player in relation to this aetiological marker of functional
strength, would a reduction in non-contact musculoskeletal injuries, such as hamstring and
ACL’s be seen? Further research in this area should focus its attention on the replication of a
fixture-congested period, where a bout of soccer specific fatigue is completed in succession
with a 72 hr recovery period between each session. Consideration must also be given to
analysing the effectiveness of intervention strategies and how they influence the quadratic
curve and its return to baseline. Elastic taping techniques have been identified as a possible
intervention during and post-exercise (Farquharson and Greig, 2017; Boobphachart et al.,
2017; Choi and Lee, 2018). Of note and given the nature of the elite participant group, a
‘control’ trial where the players would complete multiple sets of isokinetic testing without the
SAFT® exercise intervention was not conducted. Whilst 24 hours should provide sufficient
time for recovery from the strength assessment, this is a consideration when interpreting the
results of the current study. The use of elite male senior players in the current study should
also be considered when attempting to generalise these findings. The strength characteristics
of elite youth players (Peek et al., 2018) highlights that younger players might respond
differently to soccer-specific exercise, and even within an elite sample the standard of the
opponent has been shown to influence activity profile and fatigue development (Rago et al.,
2018). Consideration of different populations warrants consideration, but the experimental

paradigm should be informed by specific epidemiology data and exercise protocols.

Conclusion

Eccentric hamstring torque metrics were shown to deteriorate as a result of soccer specific
fatigue, with minimal changes identified in the angle of peak torque. Monitoring functional
changes in strength demonstrated that these deficits remained at the end of the 72 hr temporal
testing period. Quadratic polynomial regression modelling suggested a return to baseline
strength within + 82 hrs. This recovery time to baseline was influenced by movement speeds,
with implications for training prescription and injury management. Certain high velocity/high
load (acceleration) or low velocity/high load (decelerations) movements, completed within this
time-period could lead to potential injury. Careful consideration needs to be given by coaches

and trainers, to training selection, recovery strategies and selection of players in periods of
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fixture congestion. In addition, structured development of fatigue monitoring should be

incorporated in a players return to play post injury.

Practical Implications

Greater deficits were experienced at slow and fast isokinetic speeds, with quadratic
analysis indicting a return to baseline at 82+ hrs post fatigue

Key considerations must be given to a variety of isokinetic eccentric testing speeds
when implementing in injury prevention or rehabilitation protocols

Careful consideration must be given to training design and recovery strategies in
relation to ballistic movements, as injury risk is heightened for up to 95.38 hrs post

fatigue.

REFERENCES:

Agel J, Arendt EA, Bershadsky B. 2005. Anterior Cruciate Ligament Injury in National
Collegiate Athletic Association Basketball and Soccer: A 13-year review. Am J Sports
Med. 33: 524-530.

Alentorn-Geli E, Myer GD, Silvers HJ, et al. 2009. Prevention of Non-Contact
Anterior Cruciate Ligament Injuries in Soccer Players. Part 1: Mechanisms of Injury
and Underlying Risk Factors. Knee Surg Traumatol Arthrosc. 17: 705 —72.

Arnason A, Andersen TE, Holme I, Engebretsen L, Bahr R. 2008. Prevention of
hamstring strains in elite soccer: an intervention study. Scand J Med Sci Sports. 18, 40
—48.

Ayala F, De Ste Croix M, Sainz de Baranda P, et al. 2012. Absolute Reliability of
Isokinetic Knee Flexion and Extension Measurements Adopting a Prone Position. Clin
Phys and Func Imag. 33(1): 45-54

Bengtsson H, Ekstrand J, Walden M, Hagglund M. 2017. Muscle Injury Rate in
Professional Football is Higher in Matches Played within 5 Days Since the Previous



337
338

339
340

341
342

343
344

345
346

347
348

349
350

351
352

353
354

355
356

357
358

359
360

361
362

363
364

365

366
367

368
369
370

10.

11.

12.

13.

Matches: A 14-Year Prospective Study with more than 130,000 Match Observations.
Br J Sports Med. Published online: doi: 10.1136/bjsports-2016-097399

Blanch P, Gabbett TJ. 2015. Has the Athlete Trained Enough to Return to Play
Safely? The Acute: Chronic Workload Ratio Permits Clinicians to Quantify a Players
Risk of Subsequent Injury. BrJ Sports Med. 50(8): 471 — 475

Boobphachart D, Manimmanakorn N, Manimmanakorn A, et al. 2017. Effects of
elastic taping, non-elastic taping and static stretching on recovery after intensive
eccentric exercise. Res Sports Med, 25(2), 181-190.

Brophy R, Silvers HJ, Gonzales T, et al. 2010. Gender Influences: The Role of Leg
Dominance in ACL Injury Among Soccer Players. Br J Sports Med. 44(10): 694 —
697

Carling C, Le Gall F, Dupont G. 2012. Are Physical Performance and Injury Risk in a
Professional Soccer Team in Match-Play Affected Over a Prolonged Period of Fixture
Congestion? Int J of Sports Med. 33(1), 36 - 42.

Carling C, Gregson, W, McCall A, et al. 2015. Match Running Performance During
Fixture Congestion in Elite Soccer: Research Issues and Future Directions. Sports Med.
45(5), 605 - 613.

Choi IR, Lee JH. (2018). The effects of the application direction of the kinesiology
tape on the strength of the fatigued quadriceps muscles in athletes. Res Sports Med,
DOI: 10.1080/15438627.2018.1502187

Cohen, J. Statistical power analysis for the behavioural sciences. 1988. 2" Edition.
Hillsdale, NJ: Lawrence Earlbaum Associates.

Dellal A, Lago-Penas C, Rey E, et al. 2015. The Effects of a Congested Fixture Period
on Physical Performance, Technical Activity and Injury Rate During Matches in a
Professional Soccer Team. Br J of Sports Med, 49(6), 390 - 394.



371
372

373
374

375

376
377

378

379
380

381

382
383

384
385

386
387

388

389
390

391
392

393
394

395

396
397

398

399
400

401
402

403
404

405

406

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

Delextrat A, Gregory J, Cohen D. 2010. The use of functional H:Q ratio to assess
fatigue in soccer. IntJ Sports Med, 31, 192 — 197

Dupont G, Nedelec M, McCall A, et al. 2010. Effect of 2 Soccer Matches in a Week
on Physical Performance and Injury Rate. Am J of Sports Med, 38, 1752 - 1758.

Dvir Z. 1991. Clinical Applicability of Isokinetics. A Review. Clin Biomech. 6(3):
133-144

Ekstrand J, Hagglund M, Walden M. 2011. Epidemiology of Muscle Injuries in
Professional Football (Soccer). Am J of Sports Med, 39(6), 1226 - 1232

Ekstrand J, Walden M, Hagglund M. 2016. Hamstring Injuries Have Increased by 4%
Annually in Men’s Professional Football, Since 2001: A 13 Year Longitudinal Analysis
of the UEFA Elite Club Injury Study. Br J Sports Med, 0: 1-—8.

Farguharson C, Greig M. 2017. Kinesiology tape mediates soccer-simulated and local

peroneal fatigue in soccer players. Res Sports Med, 25(3), 313-321.

Gleeson N, Mercer T, Campbell 1. 1995. Effect of fatigue task on absolute and
relativized indices of isokinetic leg strength in female collegiate soccer players. J
Sports Traumatol. 30, 596-608.

Greig M. 2008. The Influence of Soccer-Specific Fatigue on Peak Isokinetic Torque
Production of the Knee Flexors and Extensors. Am J Sports Med. 36, 7, 1403-14009.

Hazdic V, Sattler T, Markovic G, et al. 2010. The Isokinetic Strength Profile of
Quadriceps and Hamstrings in Elite VVolleyball Players. Isokin and Ex Sci, 18, 31 — 37

Hewett TE, Di Stassi SL, Myer GD. 2013. Current Concepts for Injury Prevention in
Athletes after Anterior Cruciate Ligament Reconstruction. Am J Sports Med. 41(1):
216 — 224.

Hinman M. 2000. Factors Affecting Reliability of the Biodex Balance System: A
summary of Four Studies. J Sport Rehabil. 9(3): 240-252.



407
408
409
410

411
412

413
414

415
416

417

418
419

420

421
422

423
424

425
426

427
428
429
430
431

432
433

434
435

436
437

438
439
440

25.

26.

27.

28.

29.

30.

31.

32.

33.

Hulin BT, Gabbett, TJ, Lawson DW, Caputi P, Sampson JA. 2015. The Acute: Chronic
Workload Predicts Injury: High Chronic Workload May Decrease Injury Risk in Elite
Rugby League Players. Br J Sports Med. Published online: doi: 10.1136/bjsports-
2015-094817

Kim HJ, Lee JH, Ahn SE, Park MJ, Lee DH. 2016. Influence of Anterior Cruciate
Ligament Tear on Thigh Muscle Strength and Hamstring-to-Quadriceps Ratio: A Meta
Analysis. PLOS one. 1-11.

Knicker AJ, Renshaw I, Oldham ARH, et al. 2011. Interactive Processes Link the
Multiple Symptoms of Fatigue in Sport Competition. Sports Med, 41, 307 -328.

Lovell R, Knapper B, Small K . 2008. Physiological Responses to SAFT90: A New
Soccer-Specific Match Simulation. Verona-Ghirada Team Sports Conference

Mercer TH, Gleeson NP, Wren K. 2003. Influence of prolonged intermittent high-
intensity exercise on knee flexor strength in male and female soccer players. Eur J
Appl Physiol. 89, 506-508.

Opar DA, Williams MD, Shield AJ. 2012. Hamstring Strain Injuries: Factors that Lead
to Injury and Re-injury. Sports Med, 42, 209-226.

Odetoyinbo K, Wooster B, Lane A. 2007. The Effect of a Succession of Matches on
the Activity Profiles of Professional Soccer Players. In T. Reilly, & F. Korkusuz (Eds.),
Science and football VI (pp. 105e108). London: Routledge

Peek K, Gatherer D, Bennett KJM, et al. 2018. Muscle strength characteristics of the
hamstrings and quadriceps in players from a high-level youth football (soccer)
Academy. Res Sports Med, 26(3), 276-288.

Rago V, Silva J, Mohr M, et al. 2018. Influence of opponent standard on activity profile
and fatigue development during preseasonal friendly soccer matches: a team study. Res
Sports Med, DOI: 10.1080/15438627.2018.1492400



441
442

443
444

445
446

447
448

449
450

451
452

453
454
455
456
457
458

459
460

461
462

463
464

465

466
467

468
469
470
471
472

473

34.

35.

36.

37.

38.

39.

40.

41.

42.

Rahnama NT, Reilly T, Lees A, Graham-Smith P. 2003. Muscle fatigue induced by

exercise simulating the work rate of competitive soccer. J Sports Sci, 21, 933-942.

Rollo I, Impellizzeri FM, Zago M, et al. (2014). Effects of 1 versus 2 Games a Week
on Physical and Subjective Scores of Sub-elite Soccer Players. Int J of Sports Phys and
Perf, 9, 425 — 431

Sangnieer S, Tourny-Chollet C. 2007. Comparison of the Decrease in Strength between
Hamstrings and Quadriceps during Isokinetic Fatigue Testing in Semi-professional
Soccer Players. Int J of Sports Med, 28, 952-957.

Sedliak M, Haverinen M, Hakkinen K. 2011. Muscle Strength, Resting Muscle Tone
and EMG Activation in Untrained Men: Interaction Effect of time of Day and Test
Order-Related Confounding Factors. J of Sports Med and Phys Fit, 51 (4), 560-570.

Serpell B G, Scarvell JM, Ball NB, etal. 2012. Mechanisms and Risk Factors for Non-
Contact ACL Injury in Age Mature Athletes Who Engage in Field or Court Sports: A
Summary of the Literature Since 1980. J Strength Cond Res, 26(11), 316 —3176.

Small K, McNaughton LR, Greig M, et al. 2009. The Effects of Multidirectional
Soccer-Specific Fatigue on Markers of Hamstring Injury Risk. J Sci and Med in Sport,
13, 120-125.

Spendiff O, Longford NT, Winter EM. 2002. Effects of fatigue on the torque-velocity
relation in muscle. Br J Sports Med, 36, 431-435.

Thomas AC, McLean SG, Palmieri-Smith RM. 2010. Quadriceps and Hamstrings
Fatigue Alters Hip and Knee Mechanics. J App Biomec, 2, 159 — 170.

Walden M, Hagglund M, Magnusson H, etal. 2011. Anterior Cruciate Ligament Injury
in Elite Football: A Prospective Three-Cohort Study. Knee Surg Sports Traumatol
Arthrosc 19, 11-19.



474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496

43. Willems MET, Stauber WT. 2002. Fatigue and Recovery at Long and Short Muscle
Lengths after Eccentric Training. Med Sci Sports Ex. Published online. doi:
10.1249/01.MSS.0000037061.37439.4A

44. Woods C, Hawkins RD, Maltby S. 2004. The Football Association Medical Research

Programme: an audit of injuries in professional football. Analysis of Hamstring
Injuries. Br J Sports Med, 38 (1), 36 — 41.

LEGEND TO FIGURES

Figure 1. The temporal pattern of recovery in peak torque. * denotes a significant main effect

for time relative to pre-exercise values.

Figure 2. The temporal pattern of recovery in average torque. * denotes a significant main

effect for time relative to pre-exercise values.

Figure 3. The temporal pattern of recovery in the angle of peak torque.



