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Abstract

This study aimed to investigate whether treadmill versus overground soccer
match simulations have similar effects on knee joint mechanics during side
cutting. Nineteen male recreational soccer players completed a 45 min
treadmill and overground match simulation. Heart rate (HR) and rating of
perceived exertion (RPE) were recorded every 5 min. Prior to exercise (time
0 min), at “half-time” (time 45 min) and 15 min post exercise (time 60 min)
participants performed five trials of 45° side cutting manoeuvres. Knee
abduction moments and knee extension angles were analysed using two-
way repeated measures ANOVA (a = 0.05). Physiological responses were
significantly greater during the overground (HR 160 + 7 beats - min; RPE
15 + 2) than treadmill simulation (HR 142 + 5 beats - min™; RPE 12 * 2).
Knee extension angles significantly increased over time and were more
extended at time 60 min compared with time 0 min and time 45 min. No
significant differences in knee abduction moments were observed. Although
knee abduction moments were not altered over time during both simulations,
passive rest during half-time induced changes in knee angles that may have
implications for ACL injury risk.
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Introduction

Anterior cruciate ligament (ACL) injuries have a high prevalence in soccer with
incidence rates of between 0.6 and 8.5% in male players, regardless of their playing level
(Walden, Hagglund, Werner, & Ekstrand, 2011). This has multiple negative health
concerns, including early onset of osteoarthritis, damage to knee menisci and chondral
surfaces, and decreased activity levels due to functional instability (Yu & Garrett, 2007).

The majority of ACL injuries take place during non-contact utility movements
such as running, jumping, landing, or suddenly changing direction (e.g. side cutting),
rather than whilst interacting with other players (Fauno & Wulff Jakobsen, 2006;
Hawkins, Hulse, Wilkinson, Hodson, & Gibson, 2001). The side cutting manoeuvre
requires a sudden deceleration upon impact with the ground, accompanied by a rapid
change in direction (McLean, Lipfert, & van den Bogert, 2004). Studies have shown that
during the weight acceptance phase of side cutting, which is from the initial foot contact
to the first trough in the vertical ground reaction force (Dempsey et al., 2007), peak
abduction knee moments are up to two times higher than those observed during straight
line running indicating that this may be the period of high ACL strain (Besier, Lloyd,
Cochrane, & Ackland, 2001). When the peak abduction moments are coupled with
anterior tibial translations, ACL strain is significantly higher (Withrow, Huston, Wojtys,
& Ashton-Miller, 2008). An extended knee position at initial contact during side cutting
has also been associated with increased ACL strain, and with increased anterior tibial
shear force due to an increased patellar tendon-tibia shaft angle (Hughes & Watkins,
2006; Laughlin et al., 2011; Yu, Lin, & Garrett, 2006).

In soccer matches, the rate of injuries increases with match duration. Hawkins et
al., (2001) have demonstrated that a large percentage of non-contact injuries occur in
the last 15 min of the first half and in the last 15 min of the second half of soccer matches.
Furthermore, consistent with an increased injury rate with match duration, decreases in
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distance covered and high-intensity running have been observed (Bangsbo, Norregaard,
& Thorso, 1991; Mohr, Krustrup, & Bangsbo, 2003). Together, these findings lead to a
speculation that exertion induced by match duration may contribute to injury related to
decreased muscle strength (Delextrat, Gregory, & Cohen, 2010; Greig, 2008; Small,
McNaughton, Greig, & Lovell, 2010) and altered movement mechanics (Greig, 2009;
Sanna & O'Connor, 2008; Small, McNaughton, Greig, Lohkamp, & Lovell, 2009).

Numerous studies have reported that high levels of exertion induced by a short
duration high intensity exercise can alter lower extremity mechanics during side cutting
manoeuvres. Tsai, Sigward, Pollard, Fletcher, and Powers (2009) observed an increase
in the peak knee abduction moments (peak external knee abduction moments) as well as
peak knee internal rotation angles in anticipated side cutting after high intensity
consecutive repetitions of vertical jumps and short sprints. In addition, Lucci, Cortes,
Van Lunen, Ringleb, and Onate (2011) reported an increased knee extension angle at
initial contact and decreased knee internal rotation in unanticipated side cutting after
short duration and high intensity exercises consisting of a series of step-up and down
movements, vertical jumps, and agility drills. However, the high intensity and short
duration exercises used in both studies do not represent the level of exertion and activity
profile as occurs during a soccer match.

The studies by Greig (2009) and, Sanna and O'Connor (2008) are perhaps the
closest attempts to investigate the effect of soccer match exertion on knee joint
mechanics. Greig (2009) conducted 90 min soccer match simulations with a motorised
treadmill to replicate the activity profile of soccer match-play (Bangsbo, 1994) and
observed a more extended knee at initial contact after 45 and 90 min, and after the half-
time interval. The treadmill match simulation was designed to represent the mechanical
demands of the intermittent running characteristics of soccer, replicating the short
duration of exercise bouts, and subsequently providing a valid frequency of speed
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change (Greig, 2009). Furthermore, Sanna and O'Connor (2008) used a 60 min
overground soccer match simulation and found that this elicited significant pre- to post
differences in knee internal rotation angles but found no changes in peak knee abduction
moments and knee extension angles during anticipated side-cutting. Their overground
simulation consisted of straight-line shuttle runs at various speeds between two cones
positioned 20 m apart. The disparity in protocols may be a reason for the dissimilar
findings between these studies. Although both simulations have represented either the
mechanical (Greig, 2009) or physiological (Sanna & O'Connor, 2008) demands of
soccer match-play, neither incorporated multidirectional utility movements. Overground
simulations, incorporating multidirectional utility movements, may offer the greatest
external validity for actual match-play and for the investigation of knee injury
biomechanics. At present, whether any treadmill or overground simulations can
accurately recreate soccer match-play and influence mechanical loading remains
unknown.

The present study aimed to compare the effects of match exertion induced by
treadmill and overground soccer match simulations on knee mechanics during side
cutting. The null hypothesis was that there would be no differences in peak knee
abduction moments at weight acceptance phase and knee extension angles at initial

contact during side cutting between the treadmill and overground match simulations.

Methods
Participants

Twenty healthy male recreational soccer players volunteered to participate in the
study. An a priori power calculation was conducted to estimate the sample needed to
establish differences between simulations. Based on the data from previous studies
(Borotikar, Newcomer, Koppes, & McLean, 2008; Chappell et al., 2005; McLean &
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Samorezov, 2009) focusing on the effects of fatigue on lower limb mechanics, it was
estimated that a minimum sample size of approximately 15 participants was required to
achieve 80% statistical power, and with an alpha level of 0.05. Participants trained 1 to
2 days per week, for 1 to 2 hours per training session. The mean (xSD) age, height, body
mass were 26 + 5 years, 1.74 + 0.07 m, 73 £ 7.8 kg, respectively. Participants were
questioned on their injury history and none had previous ACL injury and all had been
free from any other knee or thigh injury within the previous 6 months that could interfere
with their performance of utility skills. Written consent was obtained from all the
participants and the study was performed in accordance with the university ethics

committee guidelines.

Experimental design

In a single group repeated measures design, participants were required to attend
the laboratory for 3 separate sessions (one familiarisation and two testing). Participants
attended the laboratory having been requested to perform no vigorous exercise or
consume any alcohol or caffeine in the 24 hours prior to testing. During the
familiarisation session, participants were familiarised with the cutting manoeuvre and
the treadmill and overground match simulations for 10 min each. During the first testing
session, and after completing a 15 min dynamic warm-up, participants were randomly
assigned to perform either the treadmill or overground 45 min match simulation first.
Before exercise (time 0 min), immediately at ‘half-time’ (time 45 min) and after 15 min
‘half-time’ rest (time 60 min) participants performed five 45° side cutting manoeuvres
regardless of the completed match simulation. During the 15 min ‘half-time’ period
participants remained seated and were allowed to drink water. Heart rate (Polar heart
rate system, Electro, Finland) and rating of perceived exertion (RPE, 20-point Borg scale)
were monitored continuously every five min. The second testing session was undertaken
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4 to 8 days after the first testing session, was conducted at the same time of the day, and

participants completed the other 45 min match-play simulation.

Soccer-match simulations

The overground match simulation was similar to that devised by Small et al.
(2010). The simulation was validated by Lovell, Knapper, and Small (2008) to replicate
the fatigue response of soccer match-play. The overground simulation was designed to
include multidirectional utility movements, and frequent accelerations and decelerations.
To ensure the overground simulation was feasible in our laboratory, and sufficiently
frequent acceleration-deceleration movements were performed by the participants, the
course distance was modified from 20 m to 15 m. However, participants were required
to perform additional course lengths to ensure they completed a similar total distance of
approximately 5.39 km (Small et al., 2010). We used a 45 min duration simulation
instead of a 90 min duration because lower limb strength (Greig, 2008; Robineau,
Jouaux, Lacroix, & Babault, 2012; Small et al., 2010) and knee mechanical (Greig, 2009)
changes were primarily observed at half-time with only small further reductions over
the second 45 min. Furthermore, high injury incidence in the last 15 min of the first half
suggests that 45 min duration may already induce increased injury risk (Hawkins et al.,
2001).

The overground simulation required shuttle running over a 15 m distance, with
four vertical poles incorporated for the participants to navigate through or around using
utility movements (figure 1). The movement intensity and activities (walking, jogging,
striding and sprinting) performed by the participants whilst completing the overground
course was maintained using verbal cues on an audio recording. A 15 min intermittent
activity profile was developed and repeated three times during the 45 min simulated
soccer match-play. No contact actions such as kicking or tackling were performed. The
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treadmill simulation was designed to elicit a similar average running velocity and
activity profile as the overground simulation, yet it was conducted on a motorised
treadmill (LOKO S55, Woodway GmbH, Steinackerstral’e, Germany) imposing slow
changes in velocity, thus lower acceleration and deceleration (0.50 m - s2) than typically
observed during the overground protocol. The 15 min activity profile for the treadmill
simulation resulted in a distance covered of 1.98 km, giving a 45 min total distance
covered of 5.96 km. Whilst having the same velocity profile, lower accelerations and
decelerations during the treadmill simulation resulted in a slightly higher total distance
than the 5.39 km in the overground simulation. Table 1 shows the average duration spent

on one single bout per activity during match simulation.

Assessment of side cutting kinematics and kinetics

To generate the biomechanical markers of ACL injury risk, three-dimensional
marker trajectories were collected by 10 infrared cameras at 250 Hz (Oqus cameras,
Qualisys, Gothenburg, Sweden) and forces collected by a 0.9 x 0.6 m force platform
(Kistler, Winterhur, Switzerland) embedded in the floor, sampling at 1500 Hz. The same
investigator placed 44 reflective markers on all participants. A full-body six-degrees-of-
freedom kinematic model (the LIMU Lower Limb Trunk model) with functional hip
and knee joints was applied using Visual3D (C-motion, Germantown, MD, USA) with
segmental data based on Dempster’s regression equations and using geometrical
volumes to represent each segment. Full details of the model are described elsewhere
(Malfait et al., 2014; Vanrenterghem, Gormley, Robinson, & Lees, 2010).

Marker trajectories and force data were low-pass filtered at 20 Hz (Kristianslund,
Krosshaug, & Van Den Bogert, 2012) prior to inverse dynamics calculations.
Specifically, the frontal plane knee moment was used to retrieve the peak external knee
abduction moments during the weight acceptance phase as defined in Dempsey et al.
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(2007). For a side cutting manoeuvre, we describe an abduction moment as that exerted
by the environment on the knee joint, which is opposed by an equal and opposite
adduction moment generated by muscles and ligaments around the knee. It has been
shown that maximum magnitude valgus and internal rotation moments were found
within the weight acceptance phase (Besier et al., 2001). Sagittal plane knee joint angles
at initial contact were also calculated. The initial contact was defined as the time instant
when the foot made contact to the ground.

To ensure an approach speed of 4.0 - 5.0 m - s prior to the side cutting
manoeuvres (Vanrenterghem, Venables, Pataky, & Robinson, 2012), approach speed
was recorded using photocell timing gates (Brower Timing System, Utah, USA) that
were placed 2 m apart and 2 m from where the side cut was executed. The side cut
involved a sudden anticipated change of direction using the dominant right limb (all
participants were right limb dominant) to the left at 45° to the initial approach, whilst
landing with the right foot on the force platform. The participants’ dominant limb was
determined as the limb used to kick a ball. Males have been found to be more likely to
injure the ACL in their kicking limb (Brophy, Silvers, Gonzales, & Mandelbaum, 2010).
The 45° cutting angle was marked on the platform with tape to provide a visual
indication of the required exit direction from the task. Cones were also placed 3 m from
the force plates to mark a target gate at the required 45°. To limit inter-trial variability,
a successful trial was only valid if approach speed was within the required range, and

the stance foot landed entirely on the force plate.

Statistical analyses

Paired t-tests were used to compare pre-exertion (time O min) conditions
(overground vs. treadmill). This was conducted to assess baseline assumption (pre-
exertion was equal between simulations). Subsequently, a 2 (simulation: treadmill,
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overground) x 3 (time: 0 min, 45 min, 60 min) repeated measures analysis of variance
(ANOVA) was conducted for each dependent variable using the statistical software
package SPSS (Version 20; SPSS Inc., USA). Mauchly's test of sphericity was used to
check for equality of variance between simulations and different times. If the

Greenhouse - Geisser epsilon was >0.75 the Huynh Feldt correction was used, if the

epsilon was <0.75 the Greenhouse Geisser correction value was used (Girden, 1992).
Bonferroni procedures were used for post-hoc analysis. Match simulations and time
were treated as independent variables. The dependent variables used in this study
included peak knee abduction moment at weight acceptance phase and knee extension
angles at initial contact. Each of the five trials was averaged. The alpha level was set at

0.05.

Results

One participant was unable to complete the full protocol. All data reported are
for the remaining nineteen participants.

The mean heart rates during exercise (time 5 min to 45 min) for the treadmill and
overground simulations were 142 + 5 and 160 + 7 beats - min™ respectively, with a
significant interaction observed between simulation and time (Fs257.8 = 10.2, P <0.001;
Figure 2a). While heart rates increased over time within each simulation (P <0.001), the
heart rates increased significantly more for the overground simulation relative to the
treadmill simulation (P < 0.001). Similarly, the mean RPE during exercise (time 5 min
to 45 min) was 12 £ 2 and 15 + 2 for the treadmill and overground simulations
respectively, with a significant interaction between simulation and time (Fs5635= 14.8,
P <0.001; Figure 2b). While RPE increased over time within each simulation (P < 0.001),
the RPE increased significantly more for the overground simulation relative to the

treadmill simulation (P < 0.001).



In the peak knee abduction moments, there was no significant interaction
between simulation and time (Fz3s = 0.49, P = 0.619. Similarly, no significant
differences between simulations (F1,18 = 3.82, P = 0.066) or over time (F2,3s = 2.96, P =
0.064; Figure 3a, 4a) were observed.

There was no significant interaction between simulation and time (F2,3s = 2.61,
P =0.087), or any significant differences observed in knee extension angles at initial
contact between simulations (F1,1s = 0.78, P = 0.388). However, a significant change
was observed over time (F1.2228 = 4.94, P = 0.029; Figure 3b,4b ). Pairwise
comparisons revealed that knee extension angles increased (became more extended) at
time 60 min compared to time 0 min (P = 0.027), and time 60 min compared to time

45 min (P = 0.009).

Discussion

The main findings of the present study indicate that two different types of soccer
match simulations, matched for average running velocity, elicited significant differences
in heart rate and RPE values, with the overground simulation inducing a greater
physiological response. Although similar outcomes were observed when comparing
peak knee abduction moments, significant increases in knee extension angles were
observed in both simulations at time 60 min, after 15 min of rest. More extended knee
joint angles at initial contact have been theorised to increase the likelihood of ACL

injury, which will be addressed below.

Effects of soccer match simulations on physiological parameters

Our results show that the overground match-play simulation induced a greater
physiological response compared to the treadmill simulation. The total distances
covered during the overground and treadmill simulation were 5.39 km and 5.96 km
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respectively. For comparison, it has been reported that the distance covered during the
first half of a male soccer match ranges from 4.13 km to 5.76 km (Bangsbo et al., 1991;
Mohr, Krustrup, Nybo, Nielsen, & Bangsbo, 2004). With a shorter overall distance and
similar velocities, one might expect there to be less impact from the overground match
simulation. The mean heart rate response in the overground simulation (160 + 7 beats -
min't) was consistent with values reported during match-play (Bangsbo, 1994; Krustrup
et al., 2006; Mohr et al., 2004; Thatcher & Batterham, 2004; Van Gool, Van Gervan, &
Boutmans, 1998) . However, the mean heart rate in the treadmill simulation (142 £ 5
beats - mint) was substantially lower, even if they were still higher than 125 beats - min-
1 as reported in a treadmill match simulation study (Greig, McNaughton, & Lovell,
2006) . It is likely that the heart rate values in our study were higher as our participants
were recreationally active as opposed to semi-professional players. An increased heart
rate response was supported by the increased RPE during both simulations. Our RPE
values were consistent with previous studies using overground (Nicholas, Nuttall, &
Williams, 2000) and treadmill (Greig et al., 2006) simulations. As overall running
velocity was matched between simulations, we attribute the lower heart rate and RPE
response shown during the treadmill simulation to the absence of high acceleration-
deceleration and multidirectional utility movements. Research has observed
approximately 500 acceleration-deceleration movements during a football match
(Bloomfield, Polman, & O’Donoghue, 2009), which has been shown to increase
eccentric muscle stress (Small et al., 2010) and was suggested as an important factor
associated with injury risk (Woods et al., 2004). The close similarities between
physiological responses observed during the present study and values reported from
actual match-play justify the use of overground simulations for replicating the demands

of soccer, more so than treadmill simulations.
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Effects of soccer match simulations on peak knee abduction moments

Our results indicated that both the treadmill and overground simulation showed
no differences in peak knee abduction moments. This finding is consistent with Sanna
and O'Connor (2008) whilst in other studies an increase in peak knee abduction moments
has been reported (Borotikar et al., 2008; Chappell et al., 2005; McLean et al., 2007;
Tsai et al., 2009). This discrepancy can be explained through differences in task and type
of simulation used. Firstly, anticipated side cutting is a relatively simple task and does
not require maximum amount of force. Participants may have retained sufficient ability
to complete the manoeuvre without excessive loading the knee joint. The demands of
unanticipated side cutting have been shown to induce greater differences in
electromyographic responses (Besier et al., 2001) and knee mechanics after fatigue
(Borotikar et al., 2008) compared to the anticipated side cutting manoeuvre. Secondly,
those studies which observed increased peak knee abduction moments utilised jump
tasks and/or high intensity, short duration (< 10 min) exercises designed to induce a level
of volitional exhaustion. In our study, a 45 min soccer match simulation was believed

to be more representative of the demands associated with actual match-play.

Effects of soccer match simulations on knee extension angle at initial contact

Our study observed significant effects on the knee extension angle at initial
contact after 15 min of passive rest in both simulations. A similar treadmill-based match-
play simulation has also induced a more extended knee at initial contact (Greig, 2009),
although care should be taken in this comparison as their task involved a 180° cut rather
than a 45° side cutting manoeuvre. Both are functional soccer movements yet they
induce different mechanical challenges, with our task being a running change of
direction rather than a complete stop-start movement. This difference likely explains
that in our study the knee was much more extended (approximately 13° versus 30°), and
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the effect of the match-play simulation was less (2° versus 9°). The passive half-time
interval did not restore knee joint angles to pre-simulation values, and the knee was more
extended after half-time than at the start of the half-time interval. A more extended knee
can lead to higher strain of the ACL in combined loading situations (Markolf et al.,
1995) and expose the knee to excessive anterior shear force mechanisms (Hashemi et
al., 2011). With the knee approaching full extension at initial contact, the capability of
the knee to effectively absorb shock is decreased (Decker, Torry, Wyland, Sterett, &
Richard Steadman, 2003). Furthermore, this also places the hamstrings at a mechanical
disadvantage in which they are unable to contract strongly enough to produce a large
posterior force (Pandy & Shelburne, 1997). In fact, a certain abduction moment at the
knee is expected to cause more strain on the ACL ligament when the knee is in a more
extended position (Markolf et al., 1995). Other studies investigating performance
following half-time have similarly observed impaired sprint (Mohr et al., 2004) and
sprint kinematic performance (Small et al., 2009), which the authors attributed to
lowered body temperature. These findings indicate that consideration should be given
to active re-warm up strategies during the half-time interval which, as recently shown,
would complement the physiological benefits associated with activity before the second

half (Lovell, Midgley, Barrett, Carter, & Small, 2013).

Limitations

The present study has revealed that overground simulated match-play is more
representative of actual match play than treadmill based simulations. Nevertheless,
neither of those simulations included actual ball handling skills or the presence of an
opponent, and all observed movements were fully anticipated. Future research might
consider the inclusion of unanticipated tasks in the match simulation, as well as the
evaluation of biomechanical markers of injury risk during unanticipated tasks. Also, the
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biomechanical observations made were only and limited to the observation of previously
identified markers of injury risk. It may well be possible that further interrogation of the
movement kinematics and kinetics would still reveal effects of match simulation, for
example through the use of more comprehensive statistical approaches such as Principal
Component Analysis or Functional Data Analysis (for a general overview of these
methods, see for example Deluzio, Harrison, Coffey, and Caldwell, 2004). Whilst such
analyses could highlight other potentially relevant movement adaptations, the

relationship of any such adaptations with injury risk would still remain largely unknown.

Conclusions

To our knowledge, this was the first study to report changes in heart rate, RPE,
and knee joint mechanics directly comparing running velocity matched treadmill and
overground soccer match simulations. The overground simulation imposed significantly
higher heart rate and RPE response than treadmill simulation, likely due to the inclusion
of utility movements and higher accelerations and decelerations. For this reason, the
overground simulation is believed to better represent actual match-play demands, and is
expected to be more suitable for use in further investigation into the effect of match-play
on ACL injury risk. We nevertheless found no different effects between treadmill and
overground simulation on biomechanical risk factors of ACL injury in male recreational
soccer players. Neither simulation elicited changes in peak knee abduction moments or
extension angles. However, knee angles at initial contact tended to be more extended

following 15 min half-time interval, which may have implications for ACL injury risk.

14



References

Bangsho, J. (1994). Energy demands in competitive soccer. J Sports Sci, 12 S5-12.

Bangsbo, J., Norregaard, L., & Thorso, F. (1991). Activity profile of competition soccer. Can J Sport
Sci, 16(2), 110-116.

Besier, T. F., Lloyd, D. G., Cochrane, J. L., & Ackland, T. R. (2001). External loading of the knee joint
during running and cutting maneuvers. Med Sci Sports Exerc, 33(7), 1168-1175.

Bloomfield, J., Polman, R., & O’Donoghue, P. (2009). Deceleration and turning movement movements
performed during FA Premier League soccer matches. In T. Reilly & F. Korkusuz (Eds.),
Science and Soccer VI (pp. 174 - 181). Abingdon: Routledge.

Borotikar, B. S., Newcomer, R., Koppes, R., & McLean, S. G. (2008). Combined effects of fatigue and
decision making on female lower limb landing postures: central and peripheral contributions to
ACL injury risk. Clin Biomech (Bristol, Avon), 23(1), 81-92. doi:
10.1016/j.clinbiomech.2007.08.008

Brophy, R., Silvers, H. J., Gonzales, T., & Mandelbaum, B. R. (2010). Gender influences: the role of leg
dominance in ACL injury among soccer players. Br J Sports Med, 44(10), 694-697. doi:
10.1136/bjsm.2008.051243

Chappell, J. D., Herman, D. C., Knight, B. S., Kirkendall, D. T., Garrett, W. E., & Yu, B. (2005). Effect
of fatigue on knee kinetics and kinematics in stop-jump tasks. Am J Sports Med, 33(7), 1022-
1029. doi: 10.1177/0363546504273047

Decker, M. J., Torry, M. R., Wyland, D. J., Sterett, W. I., & Richard Steadman, J. (2003). Gender
differences in lower extremity kinematics, kinetics and energy absorption during landing. Clin
Biomech (Bristol, Avon), 18(7), 662-669.

Delextrat, A., Gregory, J., & Cohen, D. (2010). The use of the functional H:Q ratio to assess fatigue in
soccer. Int J Sports Med, 31(3), 192-197. doi: 10.1055/s-0029-1243642

Deluzio, K. J., Harrison, A. J., Coffey, N., & Caldwell, G. (2004). The analysis of biomechanical
waveform data. In G. Robertson, Caldwell, G., Hamill, J., Kamen, G., & Whittlesey, S. (Ed.),
Research Methods in Biomechanics (2nd ed., pp. 317-336). Champaign, IL: Human Kinetics.

Dempsey, A. R., Lloyd, D. G., Elliott, B. C., Steele, J. R., Munro, B. J., & Russo, K. A. (2007). The
effect of technique change on knee loads during sidestep cutting. Med Sci Sports Exerc, 39(10),
1765-1773. doi: 10.1249/mss.0b013e31812f56d1

Fauno, P., & Wulff Jakobsen, B. (2006). Mechanism of anterior cruciate ligament injuries in soccer. Int
J Sports Med, 27(1), 75-79. doi: 10.1055/s-2005-837485

Girden, E. R. (1992). ANOVA: Repeated measures. Newbury Park, CA: Sage.

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), 1403-1409. doi:
10.1177/0363546508314413

Greig, M. (2009). The influence of soccer-specific activity on the kinematics of an agility sprint.
European Journal of Sport Science, 9(1), 23-33. doi: 10.1080/17461390802579129

Greig, M., McNaughton, L. R., & Lovell, R. J. (2006). Physiological and mechanical response to
soccer-specific intermittent activity and steady-state activity. Res Sports Med, 14(1), 29-52.
doi: 10.1080/15438620500528257

Hashemi, J., Breighner, R., Chandrashekar, N., Hardy, D. M., Chaudhari, A. M., Shultz, S. J., . ..
Beynnon, B. D. (2011). Hip extension, knee flexion paradox: a new mechanism for non-contact
ACL injury. J Biomech, 44(4), 577-585. doi: 10.1016/j.jbiomech.2010.11.013

Hawkins, R. D., Hulse, M. A, Wilkinson, C., Hodson, A., & Gibson, M. (2001). The association
football medical research programme: an audit of injuries in professional football. Br J Sports
Med, 35(1), 43-47.

Hughes, G., & Watkins, J. (2006). A risk-factor model for anterior cruciate ligament injury. Sports Med,
36(5), 411-428.

Kristianslund, E., Krosshaug, T., & Van Den Bogert, A. J. (2012). Effect of low pass filtering on joint
moments from inverse dynamics: implications for injury prevention. J Biomech, 45(4), 666-
671. doi: 10.1016/j.jbiomech.2011.12.011

Krustrup, P., Mohr, M., Steensberg, A., Bencke, J., Kjaer, M., & Bangsbo, J. (2006). Muscle and blood
metabolites during a soccer game: implications for sprint performance. Med Sci Sports Exerc,
38(6), 1165-1174. doi: 10.1249/01.mss.0000222845.89262.cd

Laughlin, W. A., Weinhandl, J. T., Kernozek, T. W., Cobb, S. C., Keenan, K. G., & O'Connor, K. M.
(2011). The effects of single-leg landing technique on ACL loading. J Biomech, 44(10), 1845-
1851. doi: 10.1016/j.jbiomech.2011.04.010

15



Lovell, R., Knapper, B., & Small, K. (2008). Physiological responses to SAFT90: a new soccer-specific
match simulation. Paper presented at the Verona-Ghirada Team Sports Conference, Treviso,
Italy.

Lovell, R., Midgley, A., Barrett, S., Carter, D., & Small, K. (2013). Effects of different half-time
strategies on second half soccer-specific speed, power and dynamic strength. Scand J Med Sci
Sports, 23(1), 105-113. doi: 10.1111/j.1600-0838.2011.01353.x

Lucci, S., Cortes, N., Van Lunen, B., Ringleb, S., & Onate, J. (2011). Knee and hip sagittal and
transverse plane changes after two fatigue protocols. J Sci Med Sport, 14(5), 453-459. doi:
10.1016/j.jsams.2011.05.001

Malfait, B., Sankey, S., Firhad Raja Azidin, R. M., Deschamps, K., Vanrenterghem, J., Robinson, M.
A.,...Verschueren, S. (2014). How reliable are lower-limb kinematics and kinetics during a
drop vertical jump? Med Sci Sports Exerc, 46(4), 678-685. doi:
10.1249/MSS.0000000000000170

Markolf, K. L., Burchfield, D. M., Shapiro, M. M., Shepard, M. F., Finerman, G. A., & Slauterbeck, J.
L. (1995). Combined knee loading states that generate high anterior cruciate ligament forces. J
Orthop Res, 13(6), 930-935. doi: 10.1002/jor.1100130618

McLean, S. G, Fellin, R. E., Suedekum, N., Calabrese, G., Passerallo, A., & Joy, S. (2007). Impact of
fatigue on gender-based high-risk landing strategies. Med Sci Sports Exerc, 39(3), 502-514.
doi: 10.1249/mss.0b013e3180d470

McLean, S. G., Lipfert, S. W., & van den Bogert, A. J. (2004). Effect of gender and defensive opponent
on the biomechanics of sidestep cutting. Med Sci Sports Exerc, 36(6), 1008-1016.

McLean, S. G., & Samorezov, J. E. (2009). Fatigue-induced ACL injury risk stems from a degradation
in central control. Med Sci Sports Exerc, 41(8), 1661-1672. doi:
10.1249/MSS.0b013e31819ca07b

Mohr, M., Krustrup, P., & Bangsbo, J. (2003). Match performance of high-standard soccer players with
special reference to development of fatigue. J Sports Sci, 21(7), 519-528. doi:
10.1080/0264041031000071182

Mohr, M., Krustrup, P., Nybo, L., Nielsen, J. J., & Bangsbo, J. (2004). Muscle temperature and sprint
performance during soccer matches--beneficial effect of re-warm-up at half-time. Scand J Med
Sci Sports, 14(3), 156-162. doi: 10.1111/j.1600-0838.2004.00349.x

Nicholas, C. W., Nuttall, F. E., & Williams, C. (2000). The Loughborough Intermittent Shuttle Test: a
field test that simulates the activity pattern of soccer. J Sports Sci, 18(2), 97-104. doi:
10.1080/026404100365162

Pandy, M. G., & Shelburne, K. B. (1997). Dependence of cruciate-ligament loading on muscle forces
and external load. J Biomech, 30(10), 1015-1024. doi: Doi 10.1016/S0021-9290(97)00070-5

Robineau, J., Jouaux, T., Lacroix, M., & Babault, N. (2012). Neuromuscular fatigue induced by a 90-
minute soccer game modeling. J Strength Cond Res, 26(2), 555-562. doi:
10.1519/JSC.0b013e318220dda0

Sanna, G., & O'Connor, K. M. (2008). Fatigue-related changes in stance leg mechanics during sidestep
cutting maneuvers. Clin Biomech (Bristol, Avon), 23(7), 946-954. doi:
10.1016/j.clinbiomech.2008.03.065

Small, K., McNaughton, L., Greig, M., & Lovell, R. (2010). The effects of multidirectional soccer-
specific fatigue on markers of hamstring injury risk. J Sci Med Sport, 13(1), 120-125. doi:
10.1016/j.jsams.2008.08.005

Small, K., McNaughton, L. R., Greig, M., Lohkamp, M., & Lovell, R. (2009). Soccer fatigue, sprinting
and hamstring injury risk. Int J Sports Med, 30(8), 573-578. doi: 10.1055/s-0029-1202822

Thatcher, R., & Batterham, A. M. (2004). Development and validation of a sport-specific exercise
protocol for elite youth soccer players. J Sports Med Phys Fitness, 44(1), 15-22.

Tsai, L. C., Sigward, S. M., Pollard, C. D., Fletcher, M. J., & Powers, C. M. (2009). Effects of fatigue
and recovery on knee mechanics during side-step cutting. Med Sci Sports Exerc, 41(10), 1952-
1957. doi: 10.1249/MSS.0b013e3181a4b266

Van Gool, D., Van Gervan, D., & Boutmans, J. (1998). The physiological load imposed on soccer
players during real match-play. In T. Reilly, Lees, A., Davids, K., & Murphy, W. (Ed.), Science
and Football (pp. 317-336). London: E & FN Spon.

Vanrenterghem, J., Gormley, D., Robinson, M., & Lees, A. (2010). Solutions for representing the
whole-body centre of mass in side cutting manoeuvres based on data that is typically available
for lower limb kinematics. Gait Posture, 31(4), 517-521. doi: 10.1016/j.gaitpost.2010.02.014

Vanrenterghem, J., Venables, E., Pataky, T., & Robinson, M. A. (2012). The effect of running speed on
knee mechanical loading in females during side cutting. J Biomech, 45(14), 2444-2449. doi:
10.1016/j.jbiomech.2012.06.029

16



Walden, M., Hagglund, M., Werner, J., & Ekstrand, J. (2011). The epidemiology of anterior cruciate
ligament injury in football (soccer): a review of the literature from a gender-related perspective.
Knee Surg Sports Traumatol Arthrosc, 19(1), 3-10. doi: 10.1007/s00167-010-1172-7

Withrow, T. J., Huston, L. J., Wojtys, E. M., & Ashton-Miller, J. A. (2008). Effect of varying hamstring
tension on anterior cruciate ligament strain during in vitro impulsive knee flexion and
compression loading. J Bone Joint Surg Am, 90(4), 815-823. doi: 10.2106/JBJS.F.01352

Woods, C., Hawkins, R. D., Maltby, S., Hulse, M., Thomas, A., Hodson, A., & Football Association
Medical Research, P. (2004). The Football Association Medical Research Programme: an audit
of injuries in professional foothall--analysis of hamstring injuries. Br J Sports Med, 38(1), 36-
41,

Yu, B., & Garrett, W. E. (2007). Mechanisms of non-contact ACL injuries. Br J Sports Med, 41 Suppl 1,
i47-51. doi: 10.1136/bjsm.2007.037192

Yu, B, Lin, C. F., & Garrett, W. E. (2006). Lower extremity biomechanics during the landing of a stop-
jump task. Clin Biomech (Bristol, Avon), 21(3), 297-305. doi:
10.1016/j.clinbiomech.2005.11.003

17



Tables

Table 1. Average duration spent on one single bout per activity during match simulation.

Activity Time (s)
Standing (0.0 km - h%) 4
Walking (5.0 km - h'l) 17
Jogging (10.3 km - h'h) 10.4
Striding (15.0 km - h'%) 7.5
Sprinting (> 20.4 km - h'%) 2.45
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Figure 1. A schematic diagram of the overground match simulation. The simulation was
performed with the participants performing either backwards running or side stepping
around the first field pole (dashed line), followed by forwards running through the

course, navigating the middle three field poles.
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Figure 2. Heart rate (a) and RPE (b) changes over time during treadmill and overground

simulations. * Indicates a significant difference between simulations.
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Figure 3. Peak knee abduction moments (a) and knee extension angles (b) during

treadmill and overground simulation. **Indicates significant difference over time.
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extension angles at initial contact (b) during treadmill and overground simulation.
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