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Abstract

:

Fatigue has been proposed to increase the risk of knee injury. This study tracked countermovement jump, knee isometric strength, and kinetics and kinematics in 8 female soccer players (experimental group) during an anticipated sidestep maneuver before and after two matches played over a 43-h period. Time points were: Before and after match 1 (T0 and T1), 12 h after the first match (T2), and immediately after the second match (T3). A control group participated only in practice sessions. Isometric knee extension strength decreased by 14.8% at T2 (p = 0.003), but knee flexion was not affected until T3, declining by 12.6% (p = 0.018). During the sidestep maneuver, knee joint degrees of flexion at initial contact was increased by 17.1% at T3, but maximum knee and hip angle at initial contact were unchanged. Peak resultant ground reaction force (GRF) increased by 12.6% (p = 0.047) at T3 (3.03 xBW) from 2.69 xBW at T0, while posterior GRF was significantly higher than T0 at all three subsequent time points (T1 = 0.82 ± 0.23 xBW, T2 = 0.87 ± 0.22 xBW, T3 = 0.89 ± 0.22 xBW). Anterior tibial shear force increased significantly (p = 0.020) at T3 (1.24 ± 0.12 xBW) compared to T1 (1.15 ± 0.13 xBW), an 8.8% increase. Lateral tibial shear force was significantly higher at both T1 (0.95 ± 0.20 xBW) and T3 (1.15 ± 0.38 xBW) compared to T0 (0.67 ± 0.25 xBW). These findings suggest that participation in a soccer match has significant effects on both physical performance parameters and kinetics/kinematics during a sidestep cut, but these can be more pronounced after a second match with short rest.
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1. Introduction


Injuries to the anterior cruciate ligament (ACL) continue to be all too common in sports, and cause both short-term and long-term cost and medical problems [1,2]. Women are significantly more likely than men to suffer ACL injury [3,4], and most of those are non-contact in nature [5,6]. There is higher risk of injury during change of direction maneuvers, and increased anterior tibial forces are thought to be associated with higher strain on the ACL [5].



Soccer players are at especially high risk for ACL injury [3], and the fatiguing nature of the sport adds an extra dimension, as fatigue has been hypothesized to play a role in increasing ACL injury risk [6,7]. Numerous studies have tested the effects of a single actual or simulated soccer match on markers of physical performance, including repeated sprint ability, vertical jump, and maximum voluntary leg strength, and almost all have found consistent effects of fatigue lasting as long as 48–72 h post-match [8,9]. However, several recent reviews point out that the kinematic and kinetic risk factors for non-contact ACL injury are not consistently present after a single bout of fatiguing exercise [10,11,12].



Multiple matches played with short rest periods between them, also known as fixture congestion, is an often-mentioned concern of coaches and players. A number of studies have investigated the effect of fixture congestion distance covered and sprint distance or intensity [13,14,15,16,17], number of sprints [15], and incidence of injuries [13,14,15] in comparison to matches with more rest in between. Most have found no group differences, although one highlighted a higher injury rate in the second game in a week [15], and another identified small decreases in total distance and small increases in low intensity running—in particular, 15-min epochs by players participating in matches with less than four days of rest [16]. The studies all approached the problem differently with regards to the number of participants, number of matches measured, and period of time covered, but almost all used some aspect of running performance as the dependent variable without considering changes in physical performance aspects like vertical jump or leg strength that may be affected for some period of time after the match has concluded.



To our knowledge, only one study to date [18] measured changes in physical performance parameters following two soccer matches, finding that concentric knee extension was decreased up to 48 h after the first game before recovering at 72 h, before decreasing and remaining lower at 48 h after the second match. Eccentric knee flexion strength did not recover before the second match, 72 h later, remaining lower for 48 h after the second match. Likewise, countermovement jump was lower throughout the length of the study. However, this study used only males and did not measure ACL injury risk factors.



Some athletic conferences in Division I women’s soccer use a unique match pattern where teams compete twice in a 43-hour period, presenting an opportunity to observe the effects of accumulated match fatigue with much less rest than is considered necessary for effective recovery. Given that a number of biomechanical factors, including ground reaction forces (GRFs) [19,20] and joint forces (especially anterior tibial shear force [5,21,22]), are related to increased risk for ACL injury, and since fatigue may result in changes to these factors, this study was designed to investigate the fatiguing effects of match play and changes in selected ACL injury risk factors after two soccer matches with a short rest period. Based on the research cited above, we hypothesized that physical performance characteristics would decline after both matches, but that biomechanical factors were more likely to be affected after the second match.




2. Materials and Methods


2.1. Participants


Members of a women’s Division I soccer team were directly recruited before the season began and all players signed a consent form to participate. Because it was unclear which players would play the most minutes, and not all players could be tested due to time constraints, all 32 players were informed that they may be asked to participate depending on their playing time. Players with previous lower limb injury, specifically injury to the knee or ankle joint, and players who were injured during the course of the study were excluded. As each testing window approached, researchers consulted with the head coach to select the players most likely to receive the most game time, and these players were informed to prepare for the testing procedure that week. Players who exceeded 7.5 km traveled per game during both matches were put into the experimental group and classified as match play (MP) (n = 8, mean body weight (BW) = 63.5 ± 6.3, mean height = 168.3 ± 5.6 cm). Two weeks later, seven additional players who did not participate in games were classified as the control (CON) group (n = 7, mean BW = 61.0 ± 6.6 kg, mean height = 167.8 ± 6.6) and were tested at the same time points while only participating in practices. Because the testing window occurred after games, at least one of which ended at 9:00 pm, it was impossible to test both MP and CON groups in the same week. Muscle function was tested using counter movement jump (CMJ), Margaria–Kalamen (M–K) power, maximal voluntary isometric contraction (MVIC) of knee flexion (KF) and knee extension (KE), while kinetic/kinematic parameters were collected to assess risk for knee injury. The schedule for measurements is depicted in Figure 1. The study was reviewed and approved by the University’s Institutional Review Board following the principles of the Declaration of Helsinki prior to the initial recruitment of participants.




2.2. Study Procedure


Match play in the conference regularly includes several instances of a Friday 7:00 pm/Sunday 2:00 pm series. To test the hypothesis, three tests of power/strength and kinematic/kinetic measurements were completed at four time points around the two matches: 16 h prior to the first match (T0), 30 min after the first match (T1), 12 h after the first match and 28 h before the second match (T2), and 30 min after the second match (total of 43 h after the completion of the first match, T3). These time points were chosen in consultation with the head coach to minimize disruption of match preparation. For T0, participants (including controls) reported to the lab immediately after a walk-through practice where the average distance traveled was less than 1.5 km for those who participated (3 players had rested) and completed the physical performance tests in the following order: CMJ, M–K power test, and MVIC. They then proceeded to the motion capture lab in the order that they completed the prior testing, and after changing into compression shorts and a sports bra, were fitted with retroreflective markers. For T2, participants began their testing immediately after a light pool workout designed to relieve muscle soreness. Thus, for each time point, participants were adequately warmed up to begin testing immediately.




2.3. Physical Performance Measurements


2.3.1. Global Positioning System (GPS) Movement Data


A GPS unit (Viper pod, Statsports, Newry, Northern Ireland), mounted in a neoprene pocket affixed between the shoulder blades to a sports bra, reported location at 10 Hz and accelerometry at 100 Hz. Following matches and practice, data were downloaded to a laptop computer and analyzed with proprietary software (Statsports). Total distance, accelerations and decelerations exceeding 2× the force of gravity, and sprints exceeding 80% of the player’s previously tested max speed for greater than 1 second were collated and analyzed. Data for matches are found in Table 1.




2.3.2. Countermovement Jump


Participants were told to jump as high as possible and displace the highest possible vane on a freestanding Vertec apparatus (Sports Imports, Columbus, OH, USA). Using a no-step countermovement jump, participants attempted three trials with a 30 second rest period between attempts and the highest jump was recorded in inches and later converted to centimeters (cm).




2.3.3. Margaria–Kalamen Test


Following previously published procedures [23], participants used a 6 m run-up and climbed a set of 9 stairs with an individual height of 0.106 m each as quickly as possible. Timing mats (Lafayette Instruments, Layfayette, IN, USA) were placed on the third and ninth steps, and power was calculated as BW (kg) × 9.8 × total step height/time. Participants completed three satisfactory trials with a 30 second rest period between attempts and the highest power was used.




2.3.4. Maximum Voluntary Isometric Strength


Due to time constraints and limited access to an isokinetic measurement device in close proximity to the soccer field, isometric measurements were used to measure muscle strength. Participants were seated on a chair with the seat height adjusted to keep their feet off the ground and the seat back adjusted to center the knee joint just off the edge of the seat. A Velcro cuff attached to a strain gauge (Takei Scientific Instruments, Yashiroda, Japan) was placed around their ankle of their dominant leg as close to the top of the shoe as possible and attached by a chain to the support apparatus of the chair. Leg dominance was established by asking the athlete which leg they are most comfortable using to pass and shoot, and only one participant was left-footed. For the knee extension maximum voluntary isometric contraction (MVIC), the length of the chain was adjusted to achieve a knee angle of 80° during the effort. For the knee flexion MVIC, the chain was attached to a vertical steel post and the length adjusted to achieve a knee angle of 120° during the effort. A Velcro strap around the waist held participants to the seat back, and a leather belt was placed around both legs just proximal to the knee to prevent the leg from lifting off the seat during the effort. For each MVIC, participants were told to gradually increase their force production during a 3-second countdown and then hold maximal effort for 2 seconds. Verbal encouragement was provided during each effort. Two repetitions were completed with 1 min of rest between each. If the two trials differed by more than 10%, a third repetition was completed and the two most consistent efforts were averaged and recorded in kilograms.





2.4. Biomechanical Measurements


A rigid body model was created to correlate the location of motion tracking markers with anatomical landmarks, and was scaled to match subject-specific measurements. International Socity of Biomechanics (ISB) recommendations were followed to create Cartesian coordinate systems for each segment, defined at the center of mass of each segment, as well as joint coordinate systems (JCS) based on anatomical landmarks with the first axis embedded in the proximal segment and chosen to represents flexion-extension, the “floating” axis chosen to represent ad-abduction, and the third axis embedded in the distal segment and chosen to represent axial rotation of that segment [24,25] The center of gravity of each segment, including the pelvis, was defined by using the geometric center of mass of the frustrum of a right circular cone. The length, proximal radius, and distal radius of each cone defined this shape based on the anatomical landmarks [26]. Joint position, velocity, acceleration, and internal moment were calculated from a six degrees of freedom retro reflective marker set placed on the subject’s lower extremity and pelvis. Seven segments were defined, including bilateral foot, shank, thigh, and single pelvis. The joint reaction forces (shear forces) were normalized to subject mass 35. A total of 17 markers were placed on the following landmarks on both limbs: Superior sacrum, anterior superior iliac spines, just proximal to the patella, femoral condyles, tibial tuberosities, lateral malleoli, second metatarsals, fifth metatarsals, and the calcaneus at the insertion of the Achilles tendons. These markers were used in conjunction with an 8-camera, 240 Hz motion capture system (ProReflex MCU 240, Qualisys, Gothenburg, Sweden) to capture three-dimensional (3D) motion associated with the 45 degree sidestep. In addition to the 3D motion, the peak ground reaction force was collected during the stance phase for each subject using a force plate (AMTI LG6-4-200, Advanced Mechanical Technology, Inc., Watertown, MA, USA) embedded in the ground, measuring at a sampling rate of 1920 Hz. Initial contact was defined by the onset of the GRF greater than 10 N and ending with toe-off. Timing gates (FarmTek, Inc., Wylie, Texas) were also used to ensure that participants were running and cutting on the force plate at a pace between 4–5 m/s [27]. Data were collected with Qualysis Track Manager (Gothenburg, Sweden). Kinematic data and inverse dynamic calculations were used to determine joint reaction forces (tibal shear force) in the anteroposterior and mediolateral planes using Visual 3D software (C-Motion Inc., Germantown, MD, USA). Signals were processed with a 20 Hz Butterworth low pass filter.



2.4.1. Procedures


Before testing, participants were given a brief overview of the study protocol. Participants then had markers placed at major landmarks on the lower limbs of the body. Each subject was then familiarized with the sidestep maneuver on the force plate (AMTI LG6-4-200, Advanced Mechanical Technology, Inc., Watertown, MA, USA). Each subject was instructed to approach the force plate at the set velocity (4–5 m/s), plant with their dominant foot, and run away from the force plate to the contralateral side at a 45-degree angle along a clearly marked pathway. Several practice trials were performed to ensure correct pace and correct execution of the maneuver (running directly at the force plate, striking the center of the force plate, no stutter step) when executing the sidestep maneuver. Participants then performed three acceptable trials each for the sidestep on the force plate, with a 1 min rest between trials. Trials were repeated if the correct speed was not achieved or participants did not execute the maneuver correctly. Data from these three trials were averaged.




2.4.2. Statistical Analysis


All statistics were carried out with the IBM SPSS software package (IBM SPSS, Version 25, Armonk, NY, USA). A two-way mixed model repeated measures analysis of variance was used to test for differences physical performance parameters and kinetic and kinematic changes, using a group x time x group*time model. A significant group*time interaction (p ≤ 0.05) indicated group differences, whereas main effects were examined post-hoc with univariate pairwise comparisons, with p-value of 0.05 as the cutoff for significant differences. Paired t-tests were used to compare GPS-derived values between game 1 and 2, with a p-value of 0.05 as the cutoff for significant differences. All values were expressed ± the standard deviation (SD). Effect sizes (d) were calculated and indexed as small (d < 0.2–0.5), medium d ≥ 0.5, but <0.8), and large (d ≥ 0.8) [28], and calculated as follows with M = sample mean and SD = standard deviation:


d = (M2 − M1)/SDpooled














3. Results


3.1. Strength and Power


In the MP group, KE (Figure 2A) was significantly decreased at T2 (44.4 ± 7.8 kg, p = 0.003) compared to T0 (50.9 ± 8.0 kg) (p = 0.003, d = 0.82), a 14.8% decline, but was returned to baseline at T3 (47.4 ± 8.1 kg). KF (Figure 2B) was decreased from baseline values (43.5 ± 4.1 kg) by 12.6% at T3 (37.6 ± 6.3 kg, p = 0.018) with a large effect size (d = 1.1), but was unchanged at previous time points. There were no CON group differences in KF or KE MVIC. CMJ (Figure 3) increased at each successive time point in the CON group, with an overall 16% increase realized from T0 (38.8 ± 6.0 cm) to T3 (45.5 ± 6.8 cm) (p = 0.010, d = 0.93). In the MP group, CMJ was decreased at both T2 and T3 (43.3 ± 5.9 cm) by 4.9% (p = 0.021) compared to T0 (45.6 ± 6.9 cm), but with a small effect size (d = 0.34). There were no changes to M–K power for either group.




3.2. Kinematic and Kinetic Parameters


There were no changes in any kinetic or kinematic parameters in the control group at any time point. Knee joint degrees of flexion at initial contact (Figure 4) was increased from 24.0 ± 7.8° at T0 to 27.1 ± 7.6° at T3, a 17.1% increase (p = 0.010) with a small effect size (d = 0.48), but max knee angle and hip angle at initial contact were unchanged for the MP group.



Peak resultant ground reaction force (GRF) (Figure 5A) increased significantly from 2.69 ± 0.20 Newtons/Newtons body weight (xBW) at T0 to 3.03 ± 0.25 at T3 (d = 1.49), a 12.6% increase (p = 0.047), while posterior GRF (Figure 5B) was significantly higher than T0 (0.77 ± 0.23 xBW) at all three subsequent time points (T1 = 0.82 ± 0.23 xBW (p = 0.046), T2 = 0.87 ± 0.22 xBW (p = 0.013), T3 = 0.89 ± 0.22 xBW (p = 0.020)). Only the difference at T3 registered a moderate or higher effect size, with d = 0.54, representing a 15.9% increase. There was no difference in mediolateral GRF at any time point in the MP group.



Anterior tibial shear force (Figure 6A) increased significantly (p = 0.020) at T3 (1.24 ± 0.12 xBW) compared to T1 (1.15 ± 0.13 xBW), an 8.8% increase with a moderate effect size of 0.71, but was not significantly different from T0 (p = 0.054). Lateral tibial shear force (Figure 6B) was significantly higher at both T1 (0.95 ± 0.20 xBW, p = 0.016) and T3 (1.15 ± 0.38 xBW, p = 0.020) compared to T0 (0.67 ± 0.25 xBW) with large effect sizes of 1.24 and 1.49, respectively. The increase at T1 represented a 42% increase over T0, while the change at T3 was an increase of 70%.



For the MP group, there were no significant differences between minutes played, total distance, number of accelerations or decelerations, or number of sprints performed in the first match compared to the second match (Table 1).





4. Discussion


This study sought to examine the effects of two consecutive soccer matches, with 43 h of rest in between, on physical performance characteristics and biomechanical parameters during a sidestep cutting maneuver. The results of the study show that while a single soccer match can change some biomechanical factors related to knee injury risk, the risk is significantly enhanced by participation in a second match with less than 48 h of rest for those athletes playing the greatest number of minutes. Following the first match, posterior GRF (Figure 5B) was increased by 7.1% (small effect size) and lateral tibial shear force (Figure 6B) was increased by 42% (large effect). However, following the second match, peak resultant GRF (Figure 5A) and anterior tibial shear force (Figure 6A) were also increased, in addition to further increases in posterior GRF and lateral tibial shear force, all with large effect sizes, except for posterior GRF (moderate effect). Values for both posterior and resultant GRF were very similar to values from previous research on female soccer players performing a sidestep cut, which ranged from 2.6–2.8 xBW for vertical GRF and 0.7–0.8 xBW for posterior GRF [29].



The changes to anterior tibial shear force were especially interesting, since the ACL is primarily responsible for resisting anterior tibial translation [30], and a number of studies have demonstrated the significant contribution of anterior tibial shear to ACL injury [5,21,22], especially in combination with axial compression and knee abduction [31]. The increased posterior GRF seen in our study likely contributed to the increased shear force, while increased resultant GRF likely increased tibial compression forces. Our study is the first to demonstrate the effects of fixture congestion on anterior tibial shear. Physical performance parameters were also affected. Knee extension MVIC (KE) was not affected immediately after the first match (T1), but was decreased 12 h later (T2) by 14.8%, while the change in KF only reached significance after the second match (T3), decreasing by 12.6%. These results are similar to those from previous research [18,32]. CMJ, an indicator of power production (Figure 3), was also unaffected at T1, but was decreased by 4.9% at both T2 and T3 (p ≤ 0.05). All but CMJ had large effect sizes.



This study is unique in several ways. First, although studies examining the effect of fatigue on ACL injury risk factors have used a variety of exercise methods, very few have used an actual soccer match. While there are disadvantages to using actual soccer matches instead of lab-based fatigue protocols (including controlling intensity of exercise and timeline of measurements), ACL injuries take place on the field, and therefore, measurements taken from match play will provide more directly applicable information. Overall, as an excellent review of studies between 2000–2016 indicates [10], there is little consensus on the effects of fatiguing exercise on ACL injury risk. Of the 37 studies cited by the review, only one utilized a 45-min soccer match as the fatiguing protocol, and none used a full match. Out of five studies published since 2000 using a planned sidestep cutting maneuver following a general fatigue protocol, only one [33] showed a change in knee flexion angle (decreased), while the others did not report significant changes [29,34,35,36]. Of the two studies reporting landing forces, none showed any changes. A study using a stop-jump task after fatiguing activities showed increased anterior tibial shear force [6], but this does not appear to be a consistent effect of fatigue [37]. Our novel finding of increased resultant and posterior GRF, as well as increased anterior tibial shear vis-a-vis other studies using sidestep cutting, may be due to the unique physical challenge of actual soccer matches as a fatigue protocol.



Second, although numerous studies have tracked physical performance parameters over time following a competitive soccer match, none included more than one match. The effect of “fixture congestion”, playing more than one match or a run of matches with less than normal rest, has been examined before, but most monitored changes to in-match parameters such as distance covered and sprint distance or intensity [13,14,15,16,17], number of sprints [15], and incidence of injuries [13,14,15]. The current study is the first to observe the effect of fixture congestion on physical performance parameters such as muscle strength or CMJ.



Lastly, although the effects of fatigue on ACL injury risk factors have been extensively investigated, the current study is the first to observe changes after a second match with less than normal rest. In doing so, the intent was to study chronic effects of intense exercise, therefore observing the cumulative and well-documented effects of muscle damage [8], as opposed to acute central or peripheral fatigue, on biomechanical indicators of risk.



Physical performance characteristics following a single bout of soccer-related activities have been examined extensively, and many of these studies used actual match play as the independent variable. Most have indicated a loss of leg strength ranging from 7–17% for knee extension, and 7–36% for knee flexion after a single match or simulated match [9]. A meta-analysis by Silva et al. [8] found that eccentric hamstring strength is decreased for 3 times as long as concentric quadricep strength, highlighting the different recovery period between the two muscle groups.



Few studies have measured the effects of multiple matches on performance parameters. One study tracked physical performance before and after two staged soccer matches separated by three days, and found different recovery kinetics for knee flexion vs. knee extension strength [18]. Their data showed that in the dominant limb, concentric knee strength was decreased by a maximum of 7.9% 24 h after the first match, and 9.4% 24 h after the second match, returning to baseline by 72 h. Following the second match, concentric knee strength had not returned to baseline values by 72 h. Eccentric knee strength decreased by 16.8% at 24 h and remained significantly below baseline through 72 h after the second match.



The results of the current study are not directly comparable due to a different timeline, the use of isometric strength measurements in the current study, and a subject pool consisting of all males, but also revealed different timelines for KE vs. KF (Figure 2). In our study, isometric knee extension strength declined by 14.8% after 12 h but recovered more quickly, exhibiting baseline levels at 45 h after the first match, despite a second match at 43 h. This makes it likely that KE had recovered fully between the measurement at 12 h and the second match and was not significantly affected by the second match (mean values at T3 were lower than baseline, at 47.4 kg vs. 52.1 kg, but not significantly so). Mean isometric KF was 11% lower after the first match, but this was not a significant change, unlike previously cited studies [18,32]. After the second match, it was nearly 13% lower (p = 0.18).



Another similar study [32] observed changes in knee strength after a soccer match (staged exclusively for the study), followed by two moderate to high practice sessions on day 1 and day 2 after the match. The all-male participants in the exercise group exhibited decreases in isometric, concentric, and eccentric strength that peaked at 12 h and failed to return completely to baseline by 60 h post-match. A control group that only participated in the practices also experienced a decline at 60 h, hinting at possible effects of the second practice session. Concentric and eccentric KF declined more than KE, an indicator of the eccentrically-dominant nature of knee flexor activity in soccer. The authors concluded that strength deficits can persist for a longer period than previously indicated when athletes continue to participate in training activities [32].



Collectively, these data show that studying the cumulative effects of multiple exercise bouts, whether lab- or field-based, may further elucidate the understanding of the effects of intense exercise on injury risk. It is especially important to note that non-synchronized KF and KE strength changes, confirmed by the current study and previous studies, have the potential to increase risk of ACL injury in a second match, given the effect of imbalance of flexor and extensor strength on knee mechanics, at least when the knee is somewhat flexed [38].



In our study, although there were no changes in hip or ankle angles due to match play, there was a 12.8% increase from baseline in knee flexion at T3. Based on existing literature, increased knee flexion during landing is desirable, since it can improve the mechanical advantage of the knee flexors, aiding the ACL in resisting potential anterior tibial shear [39]. However, in the current study, the decrease in KF strength at T3, combined with a recovery of KE strength to baseline levels and the small effect size (0.398) of the knee angle change, make a potential protective effect less likely.



Vertical jump is also affected by match play, but not consistently. From a selection of six recent studies observing effects of soccer match play on countermovement jump, two reported no changes, and four others reported decreases ranging from 4.4–12% within 12 h post-match [9,40]. Our result of no change immediately after one match but a decrease after 12 h is thus consistent with some studies; however, our finding of a decrease after a second match is novel. Also, the significant group interaction (p = 0.0001) when comparing MP to CON, with CON increasing their performance at T3 by 16% (p = 0.010), reveals there may have been a learning effect with a repeated CMJ test that may have mitigated the decrease in performance in MP participants.



Limitations


The choice to use actual match play as the treatment, rather than simulated matches or lab-based exercise protocols, was based on evidence that actual match play is more physically demanding, with longer lasting physiological effects [8]. Additionally, the results derived from this study are highly generalizable to athletic populations, and to our knowledge, there are no existing data on biomechanical effects of actual match play. There are, however, several limitations introduced by this protocol. For example, the amount and intensity of exercise cannot be controlled by the investigators, potentially introducing a large difference in the effects of the match on different players. We sought to address this by limiting the subject pool to athletes that ran more than 7.5 km per game and played more than 60 min in both games. Likewise, other indices of workload, such as the number of accelerations, decelerations, and sprints above an individualized threshold, were tracked by GPS technology and were confirmed to be statistically identical across both matches. Therefore, despite the presence of interindividual differences in match workload, both matches represented the same challenge to the participants on average. These restrictions, however, had the effect of limiting the subject pool. Another limitation to the study is the lack of flexibility of the scheduling of data collection. For instance, an additional measurement of all factors a few hours before the match would have been desirable, but would have disrupted the pre-match preparations, and a follow-up at 72 h could not be scheduled for all athletes. Likewise, the use of isokinetic measures of leg strength would have provided interesting data, but the location of the equipment was not conducive to collecting the data without more serious disruption to the players’ post-game routine.





5. Conclusions


Female soccer players show some biomechanical and performance alterations after a single 90-min competitive match, including decreased knee extension strength, decreased countermovement jump, increased posterior GRF, and increased lateral tibial shear force. However, after a second match played within 43 h, additional effects are present, including increased knee flexion, decreased knee flexion strength, increased peak resultant GRF, and increased anterior tibial shear force, that were not apparent after the first match. Given the importance of anterior tibial shear force as a mechanism of ACL injury, the finding of increased anterior tibial shear combined with a recovery of knee extension strength indicates the potential for additional risk of knee injuries to players when there is insufficient recovery from match play.







Author Contributions


B.J.S. conceived and designed the experiments with help from R.E.H. B.J.S., R.E.H., C.J.M., and S.J.P. collected the data, and B.J.S., C.J.M., and S.J.P. analyzed the data. B.J.S. wrote the paper.




Funding


This research received no external funding.




Acknowledgments


The authors would like to thank their student volunteers for assistance with data collection: Kennedy Covington, Catey Gans, and Jack Staley.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Roos, E.M. Joint injury causes knee osteoarthritis in young adults. Curr. Opin. Rheumatol. 2005, 17, 195–200. [Google Scholar] [CrossRef] [PubMed]

	



Hootman, J.M. Anterior Cruciate Ligament Injury Prevention and Primary Prevention of Knee Osteoarthritis. J. Athl. Train. 2012, 5, 589–590. [Google Scholar] [CrossRef] [PubMed]

	



Arendt, E.A.; Agel, J.; Dick, R. Anterior cruciate ligament injury patterns among collegiate men and women. J. Athl. Train. 1999, 34, 86–92. [Google Scholar] [PubMed]

	



Gwinn, D.E.; Wilckens, J.H.; McDevitt, E.R.; Ross, G.; Kao, T.C. The relative incidence of anterior cruciate ligament injury in men and women at the United States Naval Academy. Am. J. Sport Med. 2000, 28, 98–102. [Google Scholar] [CrossRef]

	



Kiapour, A.M.; Quatman, C.E.; Goel, V.K.; Wordeman, S.C.; Hewett, T.E.; Demetropoulos, C.K. Timing sequence of multi-planar knee kinematics revealed by physiologic cadaveric simulation of landing: Implications for ACL injury mechanism. Clin. Biomech. 2014, 29, 75–82. [Google Scholar] [CrossRef]

	



Chappell, J.; Herman, D.C.; Knight, B.S.; Kirkendall, D.T.; Garrett, W.E.; Yu, B. Effect of Fatigue on Knee Kinetics and Kinematics in Stop-Jump Tasks. Am. J. Sport Med. 2005, 33, 1022–1029. [Google Scholar] [CrossRef]

	



Boden, B.P.; Dean, G.S.; Feagin, J.A., Jr.; Garrett, W.E., Jr. Mechanisms of anterior cruciate ligament injury. Orthopedics 2000, 23, 573–578. [Google Scholar] [CrossRef]

	



Silva, J.; Rumpf, M.; Hertzog, M.; Castagna, C.; Farooq, A.; Girard, O.; Hader, K. Acute and Residual Soccer Match-Related Fatigue: A Systematic Review and Meta-analysis. Sports Med. 2018, 48, 539–583. [Google Scholar] [CrossRef]

	



Nédélec, M.; McCall, A.; Carling, C.; Legall, F.; Berthoin, S.; Dupont, G. Recovery in soccer: Part I—Post-match fatigue and time course of recovery. Sports Med. 2012, 42, 997–1015. [Google Scholar]

	



Barber-Westin, S.D.; Noyes, F.R. Effect of Fatigue Protocols on Lower Limb Neuromuscular Function and Implications for Anterior Cruciate Ligament Injury Prevention Training: A Systematic Review. Am. J. Sport Med. 2017, 45, 3388–3396. [Google Scholar] [CrossRef]

	



Bourne, M.N.; Webster, K.E.; Hewett, T.E. Is Fatigue a Risk Factor for Anterior Cruciate Ligament Rupture? Sports Med. 2019, 49, 1–7. [Google Scholar] [CrossRef] [PubMed]

	



Benjaminse, A.; Webster, K.; Kimp, A.; Meijer, M.; Gokeler, A. Revised Approach to the Role of Fatigue in Anterior Cruciate Ligament Injury Prevention: A Systematic Review with Meta-Analyses. Sports Med. 2019, 49, 565–586. [Google Scholar] [CrossRef] [PubMed]

	



Carling, C.; Le Gall, F.; Dupont, G. Are Physical Performance and Injury Risk in a Professional Soccer Team in Match-Play Affected Over a Prolonged Period of Fixture Congestion? Int. J. Sports Med. 2012, 33, 36–42. [Google Scholar] [CrossRef] [PubMed]

	



Dellal, A.; Lago-Peñas, C.; Rey, E.; Chamari, K.; Orhant, E. The effects of a congested fixture period on physical performance, technical activity and injury rate during matches in a professional soccer team. Br. J. Sport Med. 2015, 49, 390–394. [Google Scholar] [CrossRef]

	



Dupont, G.; Nedelec, M.; McCall, A.; McCormack, D.; Berthoin, S.; Wisløff, U. Effect of 2 Soccer Matches in a Week on Physical Performance and Injury Rate. Am. J. Sport Med. 2010, 38, 1752–1758. [Google Scholar] [CrossRef]

	



Jones, R.N.; Greig, M.; Mawéné, Y.; Barrow, J.; Page, R.M. The influence of short-term fixture congestion on position specific match running performance and external loading patterns in English professional soccer. J. Sports Sci. 2019, 37, 1338–1346. [Google Scholar] [CrossRef]

	



Lago-Peñas, C.; Rey, E.; Lago-Ballesteros, J.; Casáis, L.; Domínguez, E. The Influence of a Congested Calendar on Physical Performance in Elite Soccer. J. Strength Cond. Res. 2011, 25, 2111–2117. [Google Scholar] [CrossRef]

	



Poulios, A.; Fatouros, I.G.; Mohr, M.; Draganidis, D.K.; Deli, C.; Papanikolaou, K.; Sovatzidis, A.; Nakopoulou, T.; Ermidis, G.; Tzatzakis, T.; et al. Post-Game High Protein Intake May Improve Recovery of Football-Specific Performance during a Congested Game Fixture: Results from the PRO-FOOTBALL Study. Nutrients 2018, 10, 494. [Google Scholar] [CrossRef]

	



Bakker, R.; Tomescu, S.; Brenneman, E.; Hangalur, G.; Laing, A.; Chandrashekar, N. Effect of sagittal plane mechanics on ACL strain during jump landing. J. Orthop. Res. 2016, 34, 1636–1644. [Google Scholar] [CrossRef]

	



Hewett, T.E.; Myer, G.D.; Ford, K.R.; Heidt, R.S.; Colosimo, A.J.; McLean, S.G.; van den Bogert, A.J.; Paterno, M.V.; Succop, P. Biomechanical Measures of Neuromuscular Control and Valgus Loading of the Knee Predict Anterior Cruciate Ligament Injury Risk in Female Athletes: A Prospective Study. Am. J. Sport Med. 2005, 33, 492–501. [Google Scholar] [CrossRef]

	



McLean, S.G.; Oh, Y.K.; Palmer, M.L.; Lucey, S.M.; Lucarelli, D.G.; Ashton-Miller, J.A.; Wojtys, E.M. The Relationship Between Anterior Tibial Acceleration, Tibial Slope, and ACL Strain During a Simulated Jump Landing Task. J. Bone Jt. Surg. 2011, 93, 1310. [Google Scholar] [CrossRef] [PubMed]

	



Demorat, G.; Weinhold, P.; Blackburn, T.; Chudik, S.; Garrett, W. Aggressive Quadriceps Loading Can Induce Noncontact Anterior Cruciate Ligament Injury. Am. J. Sport Med. 2004, 32, 477–483. [Google Scholar] [CrossRef] [PubMed]

	



Margaria, R.; Aghemo, P.; Rovelli, E. Measurement of muscular power (anaerobic) in man. J. Appl. Physiol 1966, 21, 1662–1664. [Google Scholar] [CrossRef] [PubMed]

	



Wu, G.; Siegler, S.; Allard, P.; Kirtley, C.; Leardini, A.; Rosenbaum, D.; Whittle, M.; D’Lima, D.D.; Cristofolini, L.; Witte, H.; et al. ISB recommendation on definitions of joint coordinate system of various joints for the reporting of human joint motion—Part I: Ankle, hip, and spine. J. Biomech. 2002, 35, 543–548. [Google Scholar] [CrossRef]

	



Baker, R. ISB recommendation on definition of joint coordinate systems for the reporting of human joint motion—Part I: Ankle, hip and spine. J. Biomech. 2003, 2, 300–302. [Google Scholar] [CrossRef]

	



Robertson, G. Research Methods in Biomechanics; Human Kinetics: Champaign, IL, USA, 2013. [Google Scholar]

	



Sanna, G.; O’Connor, K.M. Fatigue-related changes in stance leg mechanics during sidestep cutting maneuvers. Clin. Biomech. 2008, 23, 946–954. [Google Scholar] [CrossRef]

	



Cohen, J. Statistical Power Analysis for the Behavioral Sciences; Psychology Press: New York, NY, USA, 2009. [Google Scholar]

	



Lucci, S.; Cortes, N.; Van Lunen, B.; Ringleb, S.; Onate, J. Knee and hip sagittal and transverse plane changes after two fatigue protocols. J. Sci. Med. Sport 2011, 14, 453–459. [Google Scholar] [CrossRef]

	



Butler, D.; Grood, E.S.; Noyes, F. Ligamentous restraints to anterior drawer in the human knee: A biomechanical study. J. Bone Jt. Surg. 1980, 62, 259–270. [Google Scholar] [CrossRef]

	



Levine, J.W.; Kiapour, A.M.; Quatman, C.E.; Wordeman, S.C.; Goel, V.K.; Hewett, T.E.; Demetropoulos, C.K. Clinically Relevant Injury Patterns After an Anterior Cruciate Ligament Injury Provide Insight into Injury Mechanisms. Am. J. Sports Med. 2013, 41, 385–395. [Google Scholar] [CrossRef]

	



Draganidis, D.; Chatzinikolaou, A.; Avloniti, A.; Barbero-Álvarez, J.C.; Mohr, M.; Malliou, P.; Gourgoulis, V.; Deli, C.K.; Douroudos, I.I.; Margonis, K.; et al. Recovery Kinetics of Knee Flexor and Extensor Strength after a Football Match. PLoS ONE 2015, 10, e0128072. [Google Scholar]

	



McLean, S.G.; Samorezov, J.E. Fatigue-induced ACL injury risk stems from a degradation in central control. Med. Sci. Sports Exerc. 2009, 41, 1661–1672. [Google Scholar] [CrossRef] [PubMed]

	



Cortes, N.; Greska, E.; Kollock, R.; Ambegaonkar, J.; Onate, J.A. Changes in Lower Extremity Biomechanics Due to a Short-Term Fatigue Protocol. J. Athl. Train. 2013, 48, 306–313. [Google Scholar] [CrossRef] [PubMed]

	



Zebis, M.K.; Bencke, J.; Andersen, L.L.; Alkjær, T.; Suetta, C.; Mortensen, P.; Kjær, M.; Aagaard, P. Acute fatigue impairs neuromuscular activity of anterior cruciate ligament-agonist muscles in female team handball players. Scand. J. Med. Sci. Sports 2011, 21, 833–840. [Google Scholar] [CrossRef] [PubMed]

	



Cortes, N.; Greska, E.; Ambegaonkar, J.; Kollock, R.; Caswell, S.; Onate, J. Knee kinematics is altered post-fatigue while performing a crossover task. Knee Surg. Sports Traumatol. Arthrosc. 2014, 22, 2202–2208. [Google Scholar] [CrossRef] [PubMed]

	



Kernozek, T.W.; Torry, M.R.; Iwasaki, M. Gender differences in lower extremity landing mechanics caused by neuromuscular fatigue. Am. J. Sport Med. 2008, 36, 554–565. [Google Scholar] [CrossRef] [PubMed]

	



Pandy, M.G.; Shelburne, K.B. Dependence of cruciate-ligament loading on muscle forces and external load. J. Biomech. 1997, 30, 1015–1024. [Google Scholar] [CrossRef]

	



Tsai, L.; Ko, Y.; Hammond, K.E.; Xerogeanes, J.W.; Warren, G.L.; Powers, C.M. Increasing hip and knee flexion during a drop-jump task reduces tibiofemoral shear and compressive forces: Implications for ACL injury prevention training. J. Sport Sci. 2017, 35, 2405–2411. [Google Scholar] [CrossRef]

	



Nédélec, M.; McCall, A.; Carling, C.; Legall, F.; Berthoin, S.; Dupont, G. The Influence of Soccer Playing Actions on the Recovery Kinetics After a Soccer Match. J. Strength Cond. Res. 2014, 28, 1517–1523. [Google Scholar] [CrossRef]








[image: Sports 07 00237 g001 550] 





Figure 1. Project timeline. 
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Figure 2. (A) Maximal voluntary isometric knee extension in kilograms before and after two soccer matches. (B) Maximal voluntary isometric knee flexion in kilograms before and after two soccer matches. Error bars indicate ± standard deviation (SD). * Significant difference from Match Play T0 (p ≤ 0.05). † Significant difference from Match Play T2 (p ≤ 0.05). T0 = 16 h prior to the first match, T1 = 30 min after the first match, T2 = 12 h after the first match, and T3 = 30 min after the second match (total of 43 h after the completion of the first match, T3). 






Figure 2. (A) Maximal voluntary isometric knee extension in kilograms before and after two soccer matches. (B) Maximal voluntary isometric knee flexion in kilograms before and after two soccer matches. Error bars indicate ± standard deviation (SD). * Significant difference from Match Play T0 (p ≤ 0.05). † Significant difference from Match Play T2 (p ≤ 0.05). T0 = 16 h prior to the first match, T1 = 30 min after the first match, T2 = 12 h after the first match, and T3 = 30 min after the second match (total of 43 h after the completion of the first match, T3).



[image: Sports 07 00237 g002]







[image: Sports 07 00237 g003 550] 





Figure 3. Countermovement jump height in centimeters before and after two soccer matches. Error bars indicate ± SD. * Significant difference from Match Play T0 (p ≤ 0.05). ‡ Significant difference from Control T0 (p ≤ 0.05). † Significant difference from Control T1 (p ≤ 0.05). # Significant difference from Control T2 (p ≤ 0.05). T0 = 16 h prior to the first match, T1 = 30 min after the first match, T2 = 12 h after the first match, and T3 = 30 min after the second match (total of 43 h after the completion of the first match, T3). 
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Figure 4. Changes in knee flexion angle at initial contact during a sidestep maneuver before and after two soccer matches. Error bars indicate ± SD. * Significant difference from Match Play T0 (p ≤ 0.05). † Significant difference from Match Play T2 (p ≤ 0.05). T0 = 16 h prior to the first match, T1 = 30 min after the first match, T2 = 12 h after the first match, and T3 = 30 min after the second match (total of 43 h after the completion of the first match, T3). 
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Figure 5. (A) Changes in peak resultant ground reaction force during a sidestep maneuver before and after two soccer matches. (B) Changes in peak posterior ground reaction force during a sidestep maneuver before and after two soccer matches. Error bars indicate ± SD. * Significant difference from Match Play T0 (p ≤ 0.05). # Significant difference from Match Play T1 (p ≤ 0.05). T0 = 16 h prior to the first match, T1 = 30 min after the first match, T2 = 12 h after the first match, and T3 = 30 min after the second match (total of 43 h after the completion of the first match, T3). 
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Figure 6. (A) Changes in peak anterior tibial shear force during a sidestep maneuver before and after two soccer matches. (B) Changes in peak lateral tibial shear force during a sidestep maneuver before and after two soccer matches. Error bars indicate ± SD. * Significant difference from Match Play T0 (p ≤ 0.05). # Significant difference from Match Play T1 (p ≤ 0.05). † Significant difference from Match Play T2 (p ≤ 0.05). T0 = 16 h prior to the first match, T1 = 30 min after the first match, T2 = 12 h after the first match, and T3 = 30 min after the second match (total of 43 h after the completion of the first match, T3). 
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Table 1. GPS- and accelerometer-derived match activity. Values are given ± SD.
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	Match 1
	Match 2
	Range (Both Matches)





	Minutes played
	77.5 ± 8.9
	75 ± 12.2
	63–90



	Distance traveled (km)
	8.64 ± 0.51
	8.36 ± 0.54
	7.5–9.8



	Decelerations
	42.3 ± 9.9
	42.6 ± 4.3
	28–62



	Accelerations
	32.1 ± 9.6
	28.8 ± 7.2
	18–50



	Sprints
	11.4 ± 9.5
	9.1 ± 7.1
	1–29











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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