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Abstract

:

Clear decreases in horizontal force production capacity during sprint acceleration have been reported after hamstring injuries (HI) in football players. We hypothesized that lower FH0 is associated with a higher HI occurrence in football players. We aimed to analyze the association between sprint running horizontal force production capacities at low (FH0) and high (V0) velocities, and HI occurrence in football. This prospective cohort study included 284 football players over one season. All players performed 30 m field sprints at the beginning and different times during the season. Sprint velocity data were used to compute sprint mechanical properties. Players’ injury data were prospectively collected during the entire season. Cox regression analyses were performed using new HI as the outcome, and horizontal force production capacity (FH0 and V0) was used at the start of the season (model 1) and at each measurement time point within the season (model 2) as explanatory variables, adjusted for individual players’ (model 2) age, geographical group of players, height, body mass, and previous HI, with cumulative hours of football practice as the time scale. A total of 47 new HI (20% of all injuries) were observed in 38 out of 284 players (13%). There were no associations between FH0 and/or V0 values at the start of the season and new HI occurrence during the season (model 1). During the season, a total of 801 measurements were performed, from one to six per player. Lower measured FH0 values were significantly associated with a higher risk of sustaining HI within the weeks following sprint measurement (HR = 2.67 (95% CI: 1.51 to 4.73), p < 0.001) (model 2). In conclusion, low horizontal force production capacities at low velocity during early sprint acceleration (FH0) may be considered as a potential additional factor associated with HI risk in a comprehensive, multifactorial, and individualized approach.
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1. Introduction


Hamstring injuries are the most prevalent injuries in football (soccer), with an average of 22% of players sustaining at least one hamstring injury during a season [1]. The majority of hamstring injuries (~70%) occur during high-speed sprinting actions such as winning ball possession, passing a defending player, or gaining position to score a goal [2]. Consequently, it seems logical to expect sprinting to be a key parameter in football from both performance and hamstring injury prevention perspectives.



Sprint acceleration performance has been shown to be associated with the ability to produce and apply high levels of force in the horizontal direction over the entire acceleration [3]. This ability is well described by a macroscopic linear relationship between horizontal force and velocity obtained during sprint acceleration (i.e., F-v relationship) [4,5]. The F-v relationship is an integrative descriptor of an athlete’s mechanical output capabilities during maximum sprinting accelerations, representing the maximal force an athlete can produce in the horizontal direction during sprinting at different velocities [4,5]. The left side of the spectrum represents the force production capacity at low velocities and the right side represents the force production capacity at high velocities. Using the two extremes of the curve and spectrum (axes intercepts) allows to not depend on the choice of specific velocities to characterize these two force production capacities. Consequently, FH0 (which is the theoretical maximal force production at zero velocity) represents the force production capacity at extremely low velocity, and V0 (which is the theoretical maximal velocity until which horizontal force can be produced) represents the force production capacity at extremely high velocity (for illustration, see Figure 1 of Cross et al. [6]) [4].



This ability to produce horizontal force is mainly associated with muscular actions in the posterior chain, including the hamstrings, gluteals, and plantar flexors [7,8,9], which is one of the hypotheses explaining the high rate of hamstring injuries during acceleration and sprint running activities. In the hamstring injury prevention approach, knee flexor strength has been analyzed as a risk factor, screening test, and prevention measure [10,11,12,13]. However, prospective studies in football have shown that isolated, single-joint torque knee flexor evaluations do not accurately predict hamstring injury [10,11,12,13]. Such an approach does not reflect the complex action of these bi-articular muscles during sprinting [9,14,15]. This supports the importance of analyzing a complex phenomenon such as sprinting not only through an isolated part or sum of parts (one or more single muscles), but also through the actual specific behavior of the entire neuromuscular system of the lower extremity during sprinting (i.e., integrative macroscopic approach) [16,17,18,19]. This may eventually better reflect the overall ability of the athlete to develop horizontal force on the ground during the specific sprint running task, contrary to single-joint, isolated, and nonspecific evaluations.



In line with the close relationships between sprinting mechanics (especially the F-v profile) and hamstring function, a clear decrease in FH0, with no change in V0, has been reported at the time of return to football after hamstring injury [20,21]. This decrease in FH0 could be related to the impairment of hamstring muscles to efficiently manage force production during sprinting. FH0 may be considered as an indirect marker of the entire posterior chain force production in the high-force, low-velocity context characterizing early acceleration. This reported FH0 decrease [20,21] is consistent with the reduced hamstring muscle strength reported after hamstring injury [22,23]. However, these latter results on FH0 decrease [20,21] do not inform about the extent to which the lower FH0 measured after hamstring injury is a consequence of the injury, or was already present before the injury and was part of the injury risk factors. This supports the interest of the present study.



In this context, we hypothesize that the lower horizontal force capacity (FH0 and V0) can indirectly reveal an overall functional weakness of the posterior chain, including the hamstring muscles. This may also be a marker of a previous injury as previously reported by Mendiguchia et al. [20,21], or risk for a future injury as hypothesized in the present study, which is not addressed in previous research. In addition, since few studies have reported information on running-based measurements as hamstring injury risk factors [24] or regarding the main hamstring injury mechanisms [2], and given arguments related to the interest of horizontal force production during sprinting [20,21], there is great interest in improving the knowledge of such potential hamstring injury risk factors in football. We therefore aimed to analyze the association between horizontal force production capacities during sprinting (FH0 and V0) and hamstring injury occurrence in football players. We hypothesized that lower FH0 is associated with higher hamstring injury occurrence in football players.




2. Materials and Methods


2.1. Study Design


We conducted a one-season prospective cohort study on football players who were assessed for mechanical outputs during sprint accelerations (i.e., horizontal force production during sprinting) in field conditions at the start of the season as well as several times during the season. For these players, prospective exposure and injury data collection was done throughout the entire season. The study protocol was reviewed and approved by the Saint-Etienne University Hospital Ethics Committee (institutional review board: IORG0007394; IRBN322016/CHUSTE).




2.2. Population


At the start of the season, we contacted the head coaches of football groups to ask for participation in this study. We explained the objectives, procedure, and risks of the study, via oral communication and a paper information sheet, to the head coaches, assistant coaches, and medical staff members (one per football team).



The football players were then included according to the following inclusion criteria: (1) considered fit for competitive football activity by the team medical staff, (2) normally involved in training sessions at the start of the season, and (3) free of injury and able to perform the first sprint acceleration mechanical output measurement at the start of the season. The exclusion criteria were any medical problems contraindicated for football and sprint measurements at the start of the season and being a goalkeeper. Informed written consent was provided by each player before their participation in the study.




2.3. Sprint Acceleration Mechanical Output Measurements


Players were tested only if they were considered fit for competitive football activity by the team medical staff. Testing sessions were performed in the middle of a week (~72 h after a match, if any), outdoors, on the usual training surface (i.e., artificial turf), without rain, without wind in the direction of the sprint (i.e., headwind or tailwind), with usual football clothing and shoes, after a structured warmup (including approximately 5 min of jogging, 5 min of dynamic stretching (movement drill), and 2 × 10 m and 2 × 30 m sprints with increasing intensity, with small variations according to teams).



At each testing session, the instantaneous sprint velocity was measured during 2 maximal 30 m sprints from a standing start, separated by 3 to 5 min of rest. Running velocity was measured by means of a laser distance measurement system (LDM 301, JENOPTIK, Jena, Germany; sampling rate, 100 Hz) for the Japan group, and a radar system (Stalker ATS Pro II, Applied Concepts, Richardson, TX, USA; sampling rate, 46.87 Hz) for the France and Finland groups. Both devices were used in previous studies and provide accurate data for further fitting and computation [4,25]. The device was placed on a tripod 10 m behind the subjects at a height of 1 m corresponding approximately to the height of the subjects’ centers of mass.



Then, running speed time curves were fitted by a mono-exponential function, allowing step-averaged horizontal external anterior-posterior ground reaction force computations using a recently validated method [4,25]. From these data, the maximal power output associated with the antero-posterior component of the ground reaction force (Pmax) and the maximal theoretical force and velocity components of the F-v profile (FH0 and V0) were calculated [4,25]. FH0 and V0 values from the sprint trial with the highest Pmax were used for analysis. This method of calculation has been reported to have a low risk of bias in comparison to the gold standard (i.e., force platforms) (<5%) [4,25], and the intertrial reliability measured by the coefficient of variation was 3.5% and 0.6% for FH0 and V0 values, respectively [25].




2.4. Exposure and Injury Data Collection


At the beginning of the season, the history of previous hamstring injuries was collected for each included player by the medical teams using their medical files (prospective injury data collection from previous seasons) or a retrospective player’s medical interview if it was the first season for the player. Considering we only needed a binary response (i.e., a previous hamstring injury or not—as defined below), we assume that the recall bias was not major in our present study. In addition, anthropometrical parameters (age, height, and body mass) were assessed.



During the season, exposure in hours of football practice (i.e., training and competition) was collected weekly by coaches.



During the season, all new injuries were prospectively collected by the medical teams using a standardized report form. An injury was defined as: “A physical complaint or observable damage to body tissue produced by the transfer of energy experienced or sustained by an athlete during participation in training or competition, whatever its consequences with respect to impairments in connection with competition or training” [26]. Injury characteristics were recorded following the classification reported by Timpka et al. [26], including the severity (i.e., minor 1–7 days, moderate 8–28 days, serious >28 days). For the purpose of this study, the primary outcome was new hamstring injury, corresponding to an injury with a location recorded at the “posterior thigh” and type recorded as “strain/muscle rupture/tear” [26], whatever the consequence on football practice (i.e., we included time-loss and no-time-loss injuries). The diagnosis was made by a sports medicine physician generally based on the clinical examination, associated with imaging according to their decision. Sports medicine physicians were blinded for the results of sprint acceleration mechanical output measurements.




2.5. Sample Size Calculation


Based on the recommendation from Bujang et al. [27], we used the formula: n = 100 + 50i (i: number of independent variables) because we aimed to analyze two variables (FH0 and V0); we calculated an a priori sample size of 200 players.




2.6. Statistical Analysis


First, descriptive analyses were performed using frequency and percentages for categorical data, means and standard deviations (SD) for continuous variables, and incidence of hamstring injuries per 1000 h of football with a 95% confidence interval (95% CI), for the total population, as well as for the three groups (i.e., Finland, Japan, France) and between players with and without a history of hamstring injuries. The normality of all variables was tested using the Shapiro-Wilk normality test. Comparisons were performed on the baseline data (anthropometrical parameters, history of hamstring injuries, and baseline sprint acceleration mechanical outputs) between the three groups using ANOVA when data followed a normal distribution, and between players with and without history of hamstring injuries using Student’s t-test when data followed a normal distribution or Mann–Whitney U test if not.



Then, to analyze the association between horizontal force production capacities during sprinting (FH0 and V0) and hamstring injury occurrence, we used a time-to-event approach [28]; information after the occurrence of the outcome (i.e., hamstring injury) was censored. The time to first event was analyzed using cumulative hours of football practice (i.e., training and competition) as the time scale. A Cox proportional hazards regression (or Cox regression) model was used to analyze the association of FH0 and V0 with the occurrence of hamstring injury, adjusted to group, age, height, body mass, and history of previous hamstring injuries at the time of measurement (yes or no). A first adjusted Cox regression model (model 1) was conducted using the FH0 and V0 values at the start of the season and new hamstring injury occurring during the season (yes or no) as the outcome, with follow-up until the end of the season with no hamstring injury occurrence; the unit of analysis was the individual player. A second adjusted Cox regression model (model 2) was conducted using the FH0 and V0 values at each measurement session within the season and new hamstring injury occurring after the measurement session (yes or no) as the outcome, with follow-up when no hamstring injury occurrence until the next measurement, if any, or at the end of the season. The unit of analysis was the player-measurement and the Cox regression was also adjusted per individual player; analysis was adjusted to the individual player as some players completed more than one measurement [10]. The hazard ratio (HR) with a 95% CI was presented for each variable, and assumption that the HR was constant over time was tested.



The researchers who performed the analyses (PE and LN) were independent from football groups and did not conduct the measurements. Significance was accepted at p < 0.05. Analyses were performed using Excel (Office, Microsoft®, 2017, Redmond, DC, USA), JASP (JASP Team software, v0.11.1, University of Amsterdam, The Netherlands), and R (v3.6.3., © Copyright 2016 The Foundation for Statistical Computing, Vienna, Austria, (Comprehensive R Archive Network, http://www.R-project.org, accessed on 14 April 2020).





3. Results


3.1. Population and Sprint Acceleration Mechanical Output Measurements


We contacted the head coaches of three football groups: the Tsukuba university football club in Japan (including five football teams; Japan group) at the start of the 2014–2015 season; OGC Nice in France (including three football teams (second team, U19 and U17); France group) at the start of the 2017–2018 season; and eight teams of the professional football premier league “Veikkausliiga” in Finland (Finland group) at the start of the 2019 season. From the 328 eligible players (110 from Japan, 68 from France, 150 from Finland), 284 players were included in this study. The recruitment flow chart is presented in Figure 1, and the characteristics of the included players are presented in Table 1.



Among the 284 players, a total of 801 player-measurements were performed: 41 players performed one measurement (14%), 106 performed two measurements (37%), 42 performed three measurements (15%), 69 performed four measurements (24%), 10 performed five measurements (4%), and 16 performed six measurements (6%). The timing of the sprint acceleration mechanical output measurements during the season is presented in Figure 2.




3.2. Hamstring Injuries


A total of 47 new hamstring injuries occurred in 38 players (13%) (Table 1). An amount of 41 hamstring injuries (87%) lead to time loss from football, with a mean time absence of 18 (SD = 11) days; the severity was reported as minor for 8, moderate for 28 and serious for 5 hamstring injuries. No hamstring injury occurred during sprint acceleration mechanical output tests. The mean time between the measurement at the start of the season and the first hamstring injury occurrence was 166 (SD = 158) hours of football practice (model 1), and the mean time between a (subsequent) measurement and the first hamstring injury occurrence was 73 (SD = 48) hours of football practice (model 2).




3.3. Associations between Sprint Horizontal Force Production Capacities and Hamstring Injuries


When considering baseline data only (model 1), the adjusted Cox regression showed no association of FH0 or V0 with the occurrence of new hamstring injury (Table 2). When considering the FH0 and V0 values at each measurement session (model 2), the adjusted Cox regression showed that lower FH0 was significantly associated with higher occurrence of new hamstring injury (HR = 2.67 (95% CI: 1.51 to 4.73), p < 0.001), while V0 was not (Table 2).





4. Discussion


The main findings of the present study were that (1) horizontal force production capacity at low (FH0) and high (V0) velocities measured at the start of the season was not associated with a new hamstring injury occurring during the season, and (2) lower maximal horizontal force production capacity at low velocities (FH0) measured at more regular intervals of time over the season was significantly associated with a higher rate of new hamstring injury occurring within the weeks following the sprint acceleration mechanical output testing, while V0 was not. Every 1 N.kg decrease of FH0 was associated with 2.67 times higher risk of sustaining a new hamstring injury, within a mean timing of 73 h of football practice (corresponding at ~7 weeks with 10 h of football practice per week).



4.1. Strengths and Limitations


The main strengths were the numbers of included and injured players leading to a sufficient number of cases for analyses [27,29], the representativity of the population (football players, high levels, different countries and continents), the collection of sprint acceleration mechanical output data at different times of a football season (which is only rarely published) [30], the time-to-event analytical approach [28] and adjustment of analyses to important hamstring injury risk factors (i.e., football exposure, age, history of previous hamstring injuries) [24,31,32] and to the confounding factors (i.e., geographic location and individual player). In addition, sprint acceleration mechanical outputs were easy to assess in a sports practice context (performed on training field with few materials, did not require a significant change in players’ training), and were well accepted by players, coaches, and technical and medical staffs.



Regarding the limitations, heterogeneity of the population (different countries, playing levels, age groups, and training habits) might have had an influence on the results, therefore analyses were adjusted to the group and age of players. The number of measurements was different and measurements were performed at different times within the season depending on the teams and players, which limited the analyses of the changes in sprint acceleration mechanical outputs within the season [30] and over time in relation to new hamstring injury. However, we think that these limitations are outweighed by the fact that these measurements were performed on a large overall cohort and real-life scenario of high-level football practice. The results differed between models 1 and 2, explained by the fact that input data were different, which supports the interest of regular measurements within a season. Isolated hamstring muscle strength was not available, although it is reported inconsistently as an intrinsic risk factor [10,11,24,33,34,35]. The hamstring injury diagnosis was performed by different sports medicine physicians, according to teams, with potential different skills and diagnosis habits, however it was based on the same injury definition and classification. Not all hamstring injuries were confirmed by MRI. The sprint acceleration mechanical outputs were analyzed during linear sprinting, while hamstring injuries might have occurred during another movement other than sprinting (e.g., slide tackling (overstretch), cutting (change of direction), and kicking) [2], and the exact mechanisms of hamstring injuries were not available. Previous hamstring injuries were retrospectively collected, exposing the recall bias. The time from previous hamstring injury was not assessed, and this can change the impact on the horizontal force production and the occurrence of a new hamstring injury. This simple measurement is not an assessment of specific muscles that contribute to acceleration, nor does it take sprint running technique into consideration [36,37,38], and it does not take into account all the other potential injury risk factors [18,24,31,32]. This simple measurement of sprinting mechanical outputs is thus proposed as a complementary, sprint-specific component among other potential injury risk factors [24,31,32]. Finally, no analysis of specificity, sensitivity, or area under the curves for potential predictor variables was performed, as the study aim was to analyze the association between sprint mechanical outputs and hamstring injury, and the variability of FH0 and V0 values across the sporting populations and according to the levels [4,25,30] led to the risk of irrelevant and inappropriate cut-off values in practice.




4.2. Lower Maximal Horizontal Force Production as a Risk Factor for Hamstring Injury


After data collection regarding hamstring injuries [20,21], the present study adds new insights into using “pre-injury” data from sprint acceleration mechanical outputs. Our results show the association between new hamstring injuries and lower limb muscle function with a more integrative and performance-oriented approach than previously proposed [10,11,34,35,39]. This is also an approach to analyze the main injury mechanism of hamstring injury, i.e., high-speed sprinting [2].



As hip extensors and knee flexors, hamstring muscles are associated with the horizontal component of the ground reaction force during sprint running [8,9,40]. Any impairment of hamstring muscles can alter posterior chain power production and, in turn, result in a lower maximal horizontal force component [9,14,15]. We therefore suggest that the lower limb posterior chain function, including the hamstrings, gluteals, and plantar flexors, within the specific sprint running movement, may be indirectly assessed by measuring sprint acceleration mechanical outputs and notably FH0.



The impairment of hamstring muscles and its functional consequences may increase the risk of a new hamstring injury. Such an impairment can be considered revealing of an overall weakness of the muscles and posterior chain force production, which are not able to sustain the load required during sprint acceleration. It may also be considered as a marker of pre-injury without symptoms, which can progress to a symptomatic injury under increased loads. Thus, the measurement of the sprint acceleration mechanical output, and especially the FH0 component, can therefore be a promising, affordable, time-effective, and ecological screening tool for assessing the risk of hamstring or lower limb posterior chain injuries. Further studies should replicate this analysis to confirm the present results and analyze potential thresholds of FH0 values and predictive ability of this measurement to detect a higher risk of hamstring injuries. In addition, deeper analyses should be made in relation to the injury mechanism: is this association specific to sprinting hamstring injuries? Have FH0 and V0 a similar association with hamstring injury when injury occurs in the first steps, at or near maximal velocity, or during curve sprint?




4.3. The Multifactorial Nature of Hamstring Injury


We adjusted the analyses to parameters that have been reported in the literature to be associated with the hamstring injury risk [18,24,31,32]. This is important because these factors can influence the studied variables (FH0 and V0) in addition to the outcome (hamstring injury). This could be the case for the history of previous hamstring injuries, which is reported to be associated with a higher risk of new hamstring injury [24,31,32] and also with a decreased horizontal force production [20,21].



Such an approach, including adjustments of the analyses, is also consistent with the multifactorial nature of injury [41,42]. Hamstring injury is multifactorial as reported in the literature [24,31,32]; its prevention should be conducted accordingly [43]. This means that, in addition to considering several aspects related to the physical and biological characteristics (and not only focused on isolated factors such as strength, load, or flexibility) [18,44,45], psychological and sociological aspects should also be considered [43,46]. The context of hamstring injury should thus be included in the preventive approach [47], including for example, the psychological pressure (chocking) in team sports [48].



We suggest that hamstring injury management (prevention and rehabilitation) should be approached in a multifactorial way by keeping the main injury mechanism (sprint running) at the center of a comprehensive whole [17,18]. The latter is consistent with the fact that (i) field performance measurements, including sprint measurements, have been suggested as useful by experts for the return-to-sport decision [49], (ii) experienced field sports practitioners involved in professional football teams reported sprinting and high-speed running focused exercises as most effective (perceived) to prevent muscle injuries [50], (iii) running-based factors appear as potential hamstring injury risk factors [24], and (iv) the required running velocity in athletic disciplines has been reported to play a role in the hamstring injury risk [51].




4.4. Relevance of Regular Monitoring of Sprint Acceleration Mechanical Outputs over the Season


Given the fact that analyses using the measurement performed at the beginning of the season were not significant, while using all measurements throughout the season (e.g., measurements right before the injury) revealed a significant association with new HMI; we suggest that individual sprint acceleration mechanical outputs should be assessed regularly during the season. This is in agreement with Green et al. [24] suggesting that using data from a single occasion of baseline assessment may not be valid to prospectively evaluate associations with subsequent hamstring injuries occurring sometimes several months later. Sprint acceleration mechanical outputs may change with changes in physical status and training regimen throughout the season [30] and as a result of hamstring injuries [20,21]. Thus, regular measurements throughout the season are likely more valuable to better inform the player on injury risk. This will also be of interest to analyze the normal variability of weekly or monthly sprint acceleration mechanical outputs and their relation to hamstring injury risk, for example, promising in situ approaches recently presented by Morin et al. [52].





5. Conclusions


This prospective cohort study provides a new step in hamstring injury management by reporting a potential new hamstring injury risk factor and showing an interest of analyzing sprint acceleration mechanical outputs. This supports the interest of including sprinting in the hamstring injury risk reduction process as a piece of the puzzle to reach a solution [53]. Sprint acceleration mechanical outputs have been reported to be useful to orient training [5] and to return to sprinting after hamstring injuries [18,20]. Our results suggest that it may also help to inform players about the risk of hamstring injuries. Thus, this macroscopic, integrative, and ecological approach appears promising for both sprint performance improvement and hamstring injury management.







Author Contributions


Conceptualization, P.E. and J.-B.M.; methodology, P.E., M.B. and J.-B.M.; data collection, J.L. and R.N.; formal analysis, P.E. and L.N.; interpretation, P.E., J.L., R.N., P.S., K.G., J.R., J.M. and J.-B.M.; writing—original draft preparation, P.E.; writing—review and editing, all authors; visualization, P.E. and L.N.; supervision, P.E. and J.-B.M. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


The study was conducted according to the guidelines of the Declaration of Helsinki, and the study protocol was reviewed and approved by the Saint-Etienne University Hospital Ethics Committee (institutional review board: IORG0007394; IRBN322016/CHUSTE).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


Data are available upon reasonable request. Please contact the corresponding author.




Acknowledgments


The authors highly appreciate the cooperation of the staff team of the different football teams who volunteered their time to collect the data for this project: Masaaki Koido for the Tsukuba University Football Club in Japan, Florian Payet and Alexandre Dellal for OGC Nice in France, Anton Matinlauri for HJK in Finland, Luis Anula for KUPS in Finland, Tuomas Kononen for ROPS in Finland, Anton Matinlauri and Niklas Virta for FC Honka in Finland, and Risto-Matti Toivonen for HIFK in Finland.




Conflicts of Interest


The authors declare having no conflict of interest.




References


	



Ekstrand, J.; Waldén, M.; Hägglund, M. 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. 2016, 50, 731–737. [Google Scholar] [CrossRef]

	



Ekstrand, J.; Healy, J.C.; Waldén, M.; Lee, J.C.; English, B.; Hägglund, M. Hamstring muscle injuries in professional football: The correlation of MRI findings with return to play. Br. J. Sports Med. 2011, 46, 112–117. [Google Scholar] [CrossRef]

	



Morin, J.-B.; Bourdin, M.; Edouard, P.; Peyrot, N.; Samozino, P.; Lacour, J.-R. Mechanical determinants of 100-m sprint running performance. Graefes Arch. Clin. Exp. Ophthalmol. 2012, 112, 3921–3930. [Google Scholar] [CrossRef]

	



Samozino, P.; Rabita, G.; Dorel, S.; Slawinski, J.; Peyrot, N.; De Villarreal, E.S.; Morin, J.-B. A simple method for measuring power, force, velocity properties, and mechanical effectiveness in sprint running. Scand. J. Med. Sci. Sports 2016, 26, 648–658. [Google Scholar] [CrossRef]

	



Morin, J.-B.; Samozino, P. Interpreting Power-Force-Velocity Profiles for Individualized and Specific Training. Int. J. Sports Physiol. Perform. 2016, 11, 267–272. [Google Scholar] [CrossRef]

	



Cross, M.; Lahti, J.; Brown, S.R.; Chedati, M.; Jimenez-Reyes, P.; Samozino, P.; Eriksrud, O.; Morin, J.-B. Training at maximal power in resisted sprinting: Optimal load determination methodology and pilot results in team sport athletes. PLoS ONE 2018, 13, e0195477. [Google Scholar] [CrossRef]

	



Schache, A.G.; Dorn, T.W.; Blanch, P.D.; Brown, N.; Pandy, M. Mechanics of the Human Hamstring Muscles during Sprinting. Med. Sci. Sports Exerc. 2012, 44, 647–658. [Google Scholar] [CrossRef]

	



Dorn, T.W.; Schache, A.; Pandy, M. Muscular strategy shift in human running: Dependence of running speed on hip and ankle muscle performance. J. Exp. Biol. 2012, 215, 2347. [Google Scholar] [CrossRef]

	



Morin, J.B.; Gimenez, P.; Edouard, P.; Arnal, P.; Jiménez-Reyes, P.; Samozino, P.; Brughelli, M.; Mendiguchia, J. Sprint acceleration mechanics: The major role of hamstrings in horizontal force production. Front. Physiol. 2015, 6, 404. [Google Scholar] [CrossRef]

	



Van Dyk, N.; Bahr, R.; Burnett, A.F.; Whiteley, R.; Bakken, A.; Mosler, A.; Farooq, A.; Witvrouw, E. A comprehensive strength testing protocol offers no clinical value in predicting risk of hamstring injury: A prospective cohort study of 413 professional football players. Br. J. Sports Med. 2017, 51, 1695–1702. [Google Scholar] [CrossRef]

	



Ruddy, J.D.; Shield, A.; Maniar, N.; Williams, M.D.; Duhig, S.; Timmins, R.G.; Hickey, J.; Bourne, M.; Opar, D. Predictive Modeling of Hamstring Strain Injuries in Elite Australian Footballers. Med. Sci. Sports Exerc. 2018, 50, 906–914. [Google Scholar] [CrossRef]

	



Van Dyk, N.; Behan, F.P.; Whiteley, R. Including the Nordic hamstring exercise in injury prevention programmes halves the rate of hamstring injuries: A systematic review and meta-analysis of 8459 athletes. Br. J. Sports Med. 2019, 53, 1362–1370. [Google Scholar] [CrossRef]

	



Opar, D.A.; Timmins, R.G.; Behan, F.P.; Hickey, J.T.; van Dyk, N.; Price, K.; Maniar, N. Is Pre-season Eccentric Strength Testing During the Nordic Hamstring Exercise Associated with Future Hamstring Strain Injury? A Systematic Review and Meta-analysis. Sports Med. 2021, 1–11. [Google Scholar] [CrossRef]

	



Chapman, A.; Caldwell, G. Factors determining changes in lower limb energy during swing in treadmill running. J. Biomech. 1983, 16, 69–77. [Google Scholar] [CrossRef]

	



Jacobs, R.; Bobbert, M.F.; Schenau, G.J.V.I. Mechanical output from individual muscles during explosive leg extensions: The role of biarticular muscles. J. Biomech. 1996, 29, 513–523. [Google Scholar] [CrossRef]

	



Quatman, C.E.; Hewett, T.E. Prediction and prevention of musculoskeletal injury: A paradigm shift in methodology. Br. J. Sports Med. 2009, 43, 1100–1107. [Google Scholar] [CrossRef]

	



Mendiguchia, J.; Alentorn-Geli, E.; Brughelli, M. Hamstring strain injuries: Are we heading in the right direction? Br. J. Sports Med. 2011, 46, 81–85. [Google Scholar] [CrossRef]

	



Mendiguchia, J.; Martinez-Ruiz, E.; Edouard, P.; Morin, J.-B.; Martinez-Martinez, F.; Idoate, F.; Mendez-Villanueva, A. A Multifactorial, Criteria-based Progressive Algorithm for Hamstring Injury Treatment. Med. Sci. Sports Exerc. 2017, 49, 1482–1492. [Google Scholar] [CrossRef]

	



Cormie, P.; Mcguigan, M.R.; Newton, R.U. Developing Maximal Neuromuscular Power Part 1—Biological Basis of Maximal Power Production. Sports Med. 2011, 41, 17–38. [Google Scholar] [CrossRef]

	



Mendiguchia, J.; Samozino, P.; Martinez-Ruiz, E.; Brughelli, M.; Schmikli, S.; Morin, J.-B.; Mendez-Villanueva, A. Progression of Mechanical Properties during On-field Sprint Running after Returning to Sports from a Hamstring Muscle Injury in Soccer Players. Int. J. Sports Med. 2014, 35, 690–695. [Google Scholar] [CrossRef]

	



Mendiguchia, J.; Edouard, P.; Samozino, P.; Brughelli, M.; Cross, M.; Ross, A.; Gill, N.; Morin, J.-B. Field monitoring of sprinting power–force–velocity profile before, during and after hamstring injury: Two case reports. J. Sports Sci. 2015, 34, 535–541. [Google Scholar] [CrossRef]

	



Tol, J.L.; Hamilton, B.; Eirale, C.; Muxart, P.; Jacobsen, P.; Whiteley, R. At return to play following hamstring injury the majority of professional football players have residual isokinetic deficits. Br. J. Sports Med. 2014, 48, 1364–1369. [Google Scholar] [CrossRef]

	



Maniar, N.; Shield, A.; Williams, M.D.; Timmins, R.G.; Opar, D. Hamstring strength and flexibility after hamstring strain injury: A systematic review and meta-analysis. Br. J. Sports Med. 2016, 50, 909–920. [Google Scholar] [CrossRef]

	



Green, B.; Bourne, M.N.; Van Dyk, N.; Pizzari, T. Recalibrating the risk of hamstring strain injury (HSI): A 2020 systematic review and meta-analysis of risk factors for index and recurrent hamstring strain injury in sport. Br. J. Sports Med. 2020, 54, 1081–1088. [Google Scholar] [CrossRef]

	



Morin, J.-B.; Samozino, P.; Murata, M.; Cross, M.; Nagahara, R. A simple method for computing sprint acceleration kinetics from running velocity data: Replication study with improved design. J. Biomech. 2019, 94, 82–87. [Google Scholar] [CrossRef]

	



Timpka, T.; Alonso, J.-M.; Jacobsson, J.; Junge, A.; Branco, P.; Clarsen, B.; Kowalski, J.; Mountjoy, M.; Nilsson, S.; Pluim, B.; et al. Injury and illness definitions and data collection procedures for use in epidemiological studies in Athletics (track and field): Consensus statement. Br. J. Sports Med. 2014, 48, 483–490. [Google Scholar] [CrossRef]

	



Bujang, M.A.; Sa’At, N.; Sidik, T.M.I.T.A.B.; Joo, L.C. Sample Size Guidelines for Logistic Regression from Observational Studies with Large Population: Emphasis on the Accuracy Between Statistics and Parameters Based on Real Life Clinical Data. Malays. J. Med. Sci. 2018, 25, 122–130. [Google Scholar] [CrossRef]

	



Nielsen, R.O.; Bertelsen, M.L.; Ramskov, D.; Møller, M.; Hulme, A.; Theisen, D.; Finch, C.F.; Fortington, L.V.; Mansournia, M.A.; Parner, E.T. Time-to-event analysis for sports injury research part 2: Time-varying outcomes. Br. J. Sports Med. 2019, 53, 70–78. [Google Scholar] [CrossRef] [PubMed]

	



Bahr, R. Risk factors for sports injuries—A methodological approach. Br. J. Sports Med. 2003, 37, 384–392. [Google Scholar] [CrossRef]

	



Jiménez-Reyes, P.; García-Ramos, A.; Párraga-Montilla, J.A.; Morcillo-Losa, J.A.; Cuadrado-Peñafiel, V.; Castaño-Zambudio, A.; Samozino, P.; Morin, J.-B. Seasonal Changes in the Sprint Acceleration Force-Velocity Profile of Elite Male Soccer Players. J. Strength Cond. Res. 2020. [Google Scholar] [CrossRef]

	



Opar, D.A.; Williams, M.D.; Shield, A. Hamstring Strain Injuries. Sports Med. 2012, 42, 209–226. [Google Scholar] [CrossRef]

	



Freckleton, G.; Pizzari, T. Risk factors for hamstring muscle strain injury in sport: A systematic review and meta-analysis. Br. J. Sports Med. 2012, 47, 351–358. [Google Scholar] [CrossRef]

	



Van Dyk, N.; Bahr, R.; Whiteley, R.; Tol, J.L.; Kumar, B.D.; Hamilton, B.; Farooq, A.; Witvrouw, E. Hamstring and Quadriceps Isokinetic Strength Deficits Are Weak Risk Factors for Hamstring Strain Injuries. Am. J. Sports Med. 2016, 44, 1789–1795. [Google Scholar] [CrossRef]

	



Croisier, J.-L.; Ganteaume, S.; Binet, J.; Genty, M.; Ferret, J.-M. Strength Imbalances and Prevention of Hamstring Injury in Professional Soccer Players. Am. J. Sports Med. 2008, 36, 1469–1475. [Google Scholar] [CrossRef]

	



Timmins, R.G.; Bourne, M.; Shield, A.; Williams, M.D.; Lorenzen, C.; Opar, D. Short biceps femoris fascicles and eccentric knee flexor weakness increase the risk of hamstring injury in elite football (soccer): A prospective cohort study. Br. J. Sports Med. 2015, 50, 1524–1535. [Google Scholar] [CrossRef] [PubMed]

	



Hamner, S.R.; Delp, S.L. Muscle contributions to fore-aft and vertical body mass center accelerations over a range of running speeds. J. Biomech. 2013, 46, 780–787. [Google Scholar] [CrossRef]

	



Wild, J.J.; Bezodis, I.N.; North, J.S.; Bezodis, N.E. Differences in step characteristics and linear kinematics between rugby players and sprinters during initial sprint acceleration. Eur. J. Sport Sci. 2018, 18, 1–11. [Google Scholar] [CrossRef]

	



Schuermans, J.; Van Tiggelen, D.; Palmans, T.; Danneels, L.; Witvrouw, E. Deviating running kinematics and hamstring injury susceptibility in male soccer players: Cause or consequence? Gait Posture 2017, 57, 270–277. [Google Scholar] [CrossRef]

	



Julia, M.; Bonnin, A.; Croisier, J.-L.; Pereira, B.; Morand, D.; Peyrin, J.-C.; Dusfour, B.; Dupeyron, A.; Coudeyre, E. Isokinetic thigh muscle strength testing in professional French Rugby Union players: A database as a reference in pre-season strength rehabilitation rather than the controlateral limb. Ann. Phys. Rehabil. Med. 2020, 2020, 101370. [Google Scholar] [CrossRef]

	



Schache, A.G.; Lai, A.K.M.; Brown, N.; Crossley, K.M.; Pandy, M.G. Lower-limb joint mechanics during maximum acceleration sprinting. J. Exp. Biol. 2019, 222, jeb209460. [Google Scholar] [CrossRef]

	



Meeuwisse, W.H.; Tyreman, H.; Hagel, B.; Emery, C. A Dynamic Model of Etiology in Sport Injury: The Recursive Nature of Risk and Causation. Clin. J. Sport Med. 2007, 17, 215–219. [Google Scholar] [CrossRef] [PubMed]

	



Bittencourt, N.; Meeuwisse, W.H.; Mendonça, L.; Nettel-Aguirre, A.; Ocarino, J.; Fonseca, S. Complex systems approach for sports injuries: Moving from risk factor identification to injury pattern recognition—Narrative review and new concept. Br. J. Sports Med. 2016, 50, 1309–1314. [Google Scholar] [CrossRef]

	



Buckthorpe, M.; Wright, S.; Bruce-Low, S.; Nanni, G.; Sturdy, T.; Gross, A.S.; Bowen, L.; Styles, B.; Della Villa, S.; Davison, M.; et al. Recommendations for hamstring injury prevention in elite football: Translating research into practice. Br. J. Sports Med. 2018, 53, 449–456. [Google Scholar] [CrossRef] [PubMed]

	



Lahti, J.; Mendiguchia, J.; Ahtiainen, J.; Anula, L.; Kononen, T.; Kujala, M.; Matinlauri, A.; Peltonen, V.; Thibault, M.; Toivonen, R.-M.; et al. Multifactorial individualised programme for hamstring muscle injury risk reduction in professional football: Protocol for a prospective cohort study. BMJ Open Sport Exerc. Med. 2020, 6, 000758. [Google Scholar] [CrossRef]

	



Hickey, J.T.; Opar, D.A.; Weiss, L.J.; Heiderscheit, B.C. Current clinical concepts: Hamstring strain injury rehabilitation. J. Athl. Train. 2021. [Google Scholar] [CrossRef]

	



Engel, G.L. The need for a new medical model: A challenge for biomedicine. Science 1977, 196, 129–196. [Google Scholar] [CrossRef]

	



Bolling, C.; Van Mechelen, W.; Pasman, H.R.; Verhagen, E. Context Matters: Revisiting the First Step of the ‘Sequence of Prevention’ of Sports Injuries. Sports Med. 2018, 48, 2227–2234. [Google Scholar] [CrossRef]

	



Hill, D.; Shaw, G. A qualitative examination of choking under pressure in team sport. Psychol. Sport Exerc. 2013, 14, 103–110. [Google Scholar] [CrossRef]

	



Van Der Horst, N.; Backx, F.; A Goedhart, E.; Huisstede, B.M. Return to play after hamstring injuries in football (soccer): A worldwide Delphi procedure regarding definition, medical criteria and decision-making. Br. J. Sports Med. 2017, 51, 1583–1591. [Google Scholar] [CrossRef]

	



McCall, A.; The EFP-Group; Pruna, R.; Van Der Horst, N.; Dupont, G.; Buchheit, M.; Coutts, A.J.; Impellizzeri, F.M.; Fanchini, M. Exercise-Based Strategies to Prevent Muscle Injury in Male Elite Footballers: An Expert-Led Delphi Survey of 21 Practitioners Belonging to 18 Teams from the Big-5 European Leagues. Sports Med. 2020, 50, 1667–1681. [Google Scholar] [CrossRef]

	



Edouard, P.; Hollander, K.; Navarro, L.; Lacourpaille, L.; Morales-Artacho, A.J.; Hanon, C.; Morin, J.-B.; Le Garrec, S.; Branco, P.; Junge, A.; et al. Lower limb muscle injury location shift from posterior lower leg to hamstring muscles with increasing discipline-related running velocity in international athletics championships. J. Sci. Med. Sport 2021, 24, 653–659. [Google Scholar] [CrossRef]

	



Morin, J.-B.; Le Mat, Y.; Osgnach, C.; Barnabò, A.; Pilati, A.; Samozino, P.; di Prampero, P.E. Individual acceleration-speed profile in-situ: A proof of concept in professional football players. J. Biomech. 2021, 123, 110524. [Google Scholar] [CrossRef]

	



Edouard, P.; Mendiguchia, J.; Guex, K.; Lahti, J.; Samozino, P.; Morin, J.-B. Sprinting: A potential vaccine for hamstring injury? Sport Perf. Sci. Rep. 2019, 48, 718. [Google Scholar] [CrossRef]








[image: Ijerph 18 07827 g001 550] 





Figure 1. Flow chart showing the recruitment, number of included players and number of sprint acceleration. 
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Figure 2. The timing of the sprint acceleration mechanical output measurements during the season. The x-axis represents the time (in days) from the start of the season (t = 0), the y-axis represents the groups (Finland = green, Japan = red, France = blue), the color of the circle represents the groups (Finland = green, Japan = red, France = blue), the size of the circle represents the number of measurements at the measurement session. The first vertical line represents the end of the pre-season and the second vertical line the end of the season, with color according to the group. 
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Table 1. Baseline data including anthropometrical, history of hamstring injury, and sprint acceleration mechanical output data at the start of the season, in addition to new hamstring injuries (i.e., primary outcome), for the total population and according to the three groups (i.e., Finland, Japan and France) or to the history of hamstring injury.






Table 1. Baseline data including anthropometrical, history of hamstring injury, and sprint acceleration mechanical output data at the start of the season, in addition to new hamstring injuries (i.e., primary outcome), for the total population and according to the three groups (i.e., Finland, Japan and France) or to the history of hamstring injury.





	

	
Total

	
Per Groups

	
Per History of Hamstring Injury




	

	
Japan

	
France

	
Finland

	
No Previous

Hamstring Injury

	
History of Previous

Hamstring Injury






	
Number (n (%))

	
284 (100)

	
110 (39)

	
56 (20)

	
118 (42)

	
224 (79)

	
60 (21)




	
Anthropometrical parameters (mean (SD))

	

	

	

	

	

	




	
Age (years)

	
21.4 (4.3)

	
20.0 (1.0) c**

	
18.2 (1.8)

	
24.3 (5.3) a,b***

	
21.3 (4.1)

	
22.1 (5.2)




	
Height (cm)

	
176.7 (7.2)

	
172.7 (5.2) c***

	
177.0 (6.7)

	
180.4 (7.0) a***,b**

	
176.7 (7.2)

	
177.0 (7.0)




	
Mass (kg)

	
71.3 (8.4)

	
66.9 (5.3)

	
68.1 (8.1)

	
77.0 (7.6) a,b***

	
71.4 (8.5)

	
71.2 (8.3)




	
History of hamstring muscle injury

	

	

	

	

	

	




	
Number of players (%)

	
60 (21)

	
16 (15)

	
14 (25)

	
30 (25)

	
0 (0)

	
60 (100)




	
Sprint acceleration mechanical outputs (mean (SD))

	

	

	

	

	

	




	
Pmax (W·kg−1)

	
16.8 (1.6)

	
16.3 (1.4) c***

	
17.3 (1.8)

	
16.9 (1.6) a**

	
16.7 (1.6)

	
17.1 (1.7)




	
FH0 (N·kg−1)

	
7.5 (0.6)

	
7.4 (0.6)

	
7.5 (0.6)

	
7.5 (0.6)

	
7.5 (0.6)

	
7.5 (0.6)




	
V0 (m·s−1)

	
9.0 (0.5)

	
8.8 (0.5) c***

	
9.3 (0.6)

	
9.1 (0.4) a***,b**

	
9.0 (0.5) d*

	
9.1 (0.5)




	
F-v profile

	
−0.83 (0.08)

	
−0.84 (0.09)c*

	
−0.81 (0.09)

	
−0.83 (0.07)

	
−0.84 (0.09)

	
−0.82 (0.08)




	
New hamstring injury

	

	

	

	

	

	




	
Number of players with new hamstring injury (n (%))

	
38 (13)

	
6 (6)

	
12 (21)

	
20 (17)

	
16 (7)

	
22 (37)




	
Number of new hamstring injury (n)

	
47

	
8

	
16

	
23

	
19

	
19




	
Incidence of new hamstring injury (per 1000 h of football (95% CI))

	
0.4 (0.3 to 0.5)

	
0.1 (0.0 to 0.2)

	
0.8 (0.5 to 1.2)

	
0.6 (0.4 to 0.9)

	
0.2 (0.1 to 0.3)

	
0.8 (0.4 to 1.2)








a Finland differed from Japan and from France; b Finland differed from France; c Japan differed from France; d “No previous hamstring injury differed” from “History of previous hamstring injury”; * p < 0.05; ** p < 0.01; *** p < 0.001. 95% CI: 95% confidence interval. F-v profile corresponds to the slope of the F-v linear relationships. Among the 284 included players, a total of 241 injuries (95% leading to time loss in football) were reported during the season in 159 players (56%). The main injury diagnosis was ankle sprain (n = 52, 22%), followed by hamstring injury (n = 47; 20%); other injuries were lower limb non-muscle injuries except ankle sprain (26%), lower limb muscle injuries except hamstring injury (22%), and other injuries (10%). The incidence of hamstring injuries per 1000 h of football varied according the three groups (lower for Japan group) and between players with and without history of hamstring injury (higher in players with history of previous hamstring injury).
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Table 2. Hazard ratio (HR) with 95% confidence interval (95% CI) of the association between FH0 and V0; and (1) new hamstring injury during the season based on FH0 and V0 values at the start of the season for the 284 players and adjusted for group, age, height, body mass, and history of hamstring injury (model 1); and (2) new hamstring injury after the sprint acceleration measurement based on the FH0 and V0 values of each measurement of the season for 801 player-measurements and adjusted for individual player, group, age, height, body mass, and history of hamstring injury (model 2), according to the time scale of cumulative hours of football.
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Model 1 (n = 284 Players)

	
Model 2 (n = 801 Player Measurements)




	
Explanatory Variables

	
HR

	
(95% CI)

	
p-Value

	
HR

	
(95% CI)

	
p-Value






	
FH0 (N·kg−1)

	
1.27

	
(0.70 to 2.33)

	
0.43

	
2.67

	
(1.51 to 4.73)

	
<0.001




	
V0 (m·s−1)

	
1.31

	
(0.66 to 2.60)

	
0.44

	
1.49

	
(0.70 to 3.18)

	
0.30




	
Concordance (Harrell’s c-index)

	
0.817

	
(0.811 to 0.823)

	

	
0.937

	
(0.931 to 0.943)
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