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Abstract

:

Landing kinetics and kinematics have historically been correlated with potential injury. A factor that requires more attention associated with its correlation to injury risk includes the impact of physiological fatigue. Fatigue is a multifaceted phenomenon involving central and peripheral factors resulting in a slowing or cessation of motor unit firing and a decrease in maximal force and power. Sports participation rarely results in momentary muscular failure occurring, as many sports consist of intermittent periods of activity that are interspersed with short rest periods that allow for recovery to take place. However, over the course of the competition, fatigue can still accumulate and can result in impaired performance. Current literature on the topic struggles to replicate the peripheral and central metabolic stresses required to induce a state of fatigue that would be equivalent to athletic exposure. Furthermore, the current literature fails to demonstrate consistency regarding the kinetic implications associated with fatigue, which may be secondary to the inconsistencies associated with fatigue protocols utilized. This article focuses on providing an overview of the current literature associated with fatigue’s impact on the kinetics associated with landing from a jump. The article will provide a prospective methodology utilizing repeat bouts of the Wingate Anaerobic Power Test. The proposed protocol may help further our understanding of the relationship between fatigue and lower extremity biomechanics.






Keywords:


fatigue; kinetics; injury risk; depth-jump












1. Introduction


Over a 9-year period, an approximated 6.6 million people presented to emergency departments across the US with knee injuries, half of which were sport related injuries [1]. Historically, ACL injuries have accounted for a majority of the knee injuries that occur during sports participation [1]. The estimated incidence of an ACL injury is between 100,000–200,000 injuries per year in the United States, with other countries showing similar incidence rates [2,3]. Furthermore, there are variations in incidence rates that may depend on age, sex and athletic exposure [4,5]. Mechanisms related to ACL injuries can occur through direct traumatic contact [4]. However, more commonly, these injuries occur through non-contact biomechanical mechanisms [6,7,8,9,10,11]. ACL injuries can also occur with concomitant injuries to collateral ligaments and menisci [12]. Following an ACL tear, reconstructive surgery is the most common and viable treatment option. It is noted that the overall rate of ACL reconstruction has increased by 22% from 2002 to 2014 [12]. This is despite the reported presence of ACL deficient copers and non-copers, which has generated some discussion if reconstructive surgery as the only treatment option [13,14]. An ACL deficient coper is defined as an individual that can resume high-level physical activity secondary to their ability to maintain adequate knee stability [13]. It has been reported that 65% of the patients that undergo reconstructive surgery return to the same level of sport performance [14]. Of those who do return to sports following rehabilitation, they are at an increased risk of re-injury [15,16]. Furthermore, there has been documentation of decreased muscular strength and force attenuation for up to two years after ACL reconstruction [17,18,19,20,21,22,23,24].



There is an abundance of literature indicating the purported risk factors that may contribute to an increased injury risk in athletes. Given the prevalence of non-contact ACL injuries, many of the risk factors that are assessed are often associated with that particular mechanism of injury [6,7,8,9,10,11]. The risk factors associated with non-contact ACL injuries can include both extrinsic factors and intrinsic factors [7]. Extrinsic factors are associated with weather conditions and the playing surface. Intrinsic factors include anatomic deviations, neuromuscular function, biomechanical function, physiological function, and genetics [3,7]. From an intrinsic risk factor perspective, anatomical changes associated with femoral notch width and height and tibial slope have been associated with increased injury risk [7,25,26,27]. Furthermore, increased body weight and BMI have also been identified as potential physiological risk factors associated with injury risk [1,7]. Additionally, several studies have demonstrated the importance of lower extremity musculature co-activation in regard to reducing injury risk [28,29]. Which has led to the development of neuromuscular warm-up programs to help promote optimal contraction times and mitigate injury risk [30]. Regardless of an athlete’s preconceived risk, realistically, trauma to the ACL will occur when an excessive load/force is applied to the ligament beyond the ligaments’ ability to withstand that force. Many times, this will occur as a result of biomechanical factors, but there is not much consistency in terms of which biomechanical changes specifically [3,7,16,31,32,33]. Furthermore, with growing evidence questioning the kinematic associations with injury, perhaps greater reliance needs to be placed on kinetic variations [34,35]. With an understanding of the forces that might cause these non-contact knee injuries, the next step is determining what factors might increase the likelihood of this occurring. There is clear indication that an array of intrinsic and extrinsic factors, as described previously, will impact injury risk [3,7,25,26,27,36]. One factor that has not clearly been identified as a potential risk factor includes fatigue. The physiological and biomechanical implications that fatigue may have on injury risk need to continue to be explored. One of the aims of this article is to provide a perspective on the current literature associated with fatigue. Additionally, the article also aims to provide a research methodology/protocol to expand upon the literature associated with ACL injuries and fatigue.




2. Fatigue Overview


Fatigue is a multifaceted phenomenon involving central and peripheral factors resulting in a slowing or abrupt/temporary cessation of motor unit firing, which may result in decreased maximal force and power. Because of its nature, fatigue begins to accumulate immediately after the initiation of exercise and continues to build until momentary muscular failure (MMF) is reached [37]. Athletic participation, outside of resistive sports, rarely results in MMF. This is likely because many sports consist of intermittent periods of activity that are interspersed with short rest periods. However, over the course of a competition, fatigue can still accumulate and can result in impaired performance [38,39,40,41]. Therefore, it is imperative to understand the various forms of fatigue that one can experience. Typically, fatigue can be explained as having a central and peripheral component [41]. Central and peripheral factors of fatigue result in very different physiological manifestations [41]. Understanding these manifestations is imperative for determining how fatigue may impact the biomechanical aspects associated with injury risk.



Central fatigue is defined as a loss of contractile force or power caused by processes proximal to the neuromuscular junction [37,41,42]. Central fatigue is primarily composed of hormonal changes within the brain, intrinsic drive, and the Central Governor Model (CGM). Furthermore, many studies describe central factors of fatigue to coincide with altered brain neurochemistry along with observed changes in efferent neuron recruitment [43]. Neurochemical changes associated with fatigue are often tied to neurotransmitters including serotonin, dopamine, acetylcholine, angiotensin II, noradrenaline, and nitric oxide [41,43]. These neurotransmitters work intricately with the brain and could often result in manifestations of fatigue, specifically during exercise activity. For example, during exercise, muscles typically utilize branched chain amino acids (BCAA) at an increased rate. As BCAAs are utilized, their concentration in the bloodstream decreases. To enter the brain, BCAAs utilizes the same carrier protein as tryptophan to be transported through the blood–brain barrier. If blood concentrations of BCAAs decrease due to exercise without a corresponding or associated change in tryptophan levels, increased levels of tryptophan will be carried into the brain via the transport proteins. With prolonged exercise, free fatty acids are released into the blood increasing the ratio of free versus bound plasma tryptophan. This, in turn, further increases the amount of tryptophan entering the brain. Greater levels of tryptophan lead to greater levels of 5-hydroxytryptamine, or serotonin. Serotonin is synthesized directly from tryptophan. The final net effect of the serotonergic transmission seems to be an increased level of tiredness, such as the level associated with going to sleep [34,40]. In an effort to counteract these effects, athletes often consume BCAA drinks during prolonged exercise. However, studies have shown no significant improvement while supplementing with these products [37,43].



Intrinsic drive and the CGM work in tandem. Exercise, specifically high intensity exercise, can be uncomfortable due to lactate accumulation. When assessing fatigue, many studies utilize maximum effort protocols, as these protocols will induce fatigue more rapidly compared to submaximal tests [44]. Maximum effort tests, regardless of modality, by definition require the individual to be highly motivated in attempting to apply maximal physical effort. This effort can be expressed in different ways, such as strength, power, or speed, depending on the goal of the specific test. The individual’s motivation and effort are critical to the success of fatigue related research. However, generally many people fail to work at maximum effort due to the associated discomfort that results from working at very high intensities and only with local fatigue protocols could one use an interpolated twitch technique in order to confirm maximal effort [41,43]. If the individual is intrinsically motivated, they are more likely to battle through the sensation of discomfort to achieve their goal. Conversely, if the individuals are extrinsically motivated they will not feel the need or desire to endure the discomfort, which would negatively impact the validity of any maximal effort protocol they are participating in. While maximum effort tests are incredibly useful in small increments, longer tests and tests where the duration is unknown become problematic due to the CGM. The CGM developed by Noakes describes a process that balances ‘the sensory information of exercise’ (feedback information) with ‘the aim of exercise’ (feed-forward information) [42]. Essentially, the brain attempts to pace the individual in expectation of a longer duration. While this is vital for endurance events, it can also skew the data obtained from maximum effort tests [37,43].



Peripheral fatigue is defined as a loss of contraction force or power caused by processes distal to the neuromuscular junction [37,43]. While peripheral fatigue is multifactorial, the most significant factors include the accumulation of metabolites, a lack of energy stores, and compromised blood flow. Current fatigue-based protocols lack the repetitive high intensity efforts that may induce these metabolic changes [44]. Metabolic byproducts, such as hydrogen ions (H⁺), lactate, inorganic phosphate (Pi), adenosine diphosphate (ADP), and more, impair the ability of the muscle to function as they accumulate. Historically, competition at the binding site has been reported [43]. Hydrogen ions and lactate are byproducts formed when pyruvate production exceeds oxidation. Excess pyruvate is then converted to lactic acid which dissociates into lactate and H⁺. The accumulation of H⁺ ions over the course of exercise results in a decreased pH. This potentially interferes with the sarcoplasmic reticulum’s (SR) ability to release calcium ions (Ca2+), troponin C sensitivity to Ca2+ and cross-bridge cycling, leading to impaired muscle force and velocity [45]. ADP and Pi are formed through adenosine triphosphate (ATP) hydrolysis, which is necessary for muscle contraction. In order for cross bridges to form, ATP must bind to the myosin active sites in order to “rotate” the myosin heads and allow for the next round of sliding. ATP is hydrolyzed into ADP and Pi. ADP is essential to create a strong bound state to allow the myosin heads to pull the actin filaments. ADP dissociates, replaced with ATP which then releases the binding and “rotates” the myosin head, starting the cycle all over again. As exercise occurs, ADP accumulates as the breakdown of ATP is greater than its formation. ADP thus rivals ATP for the myosin active sites. As more ADPs occupy these binding sites, less cross bridge formation occurs and the filaments are stuck in the strong bound state. This results in a decrease in velocity but a subsequent increase in force [46]. Inorganic phosphate, or Pi, is a byproduct produced through the anaerobic metabolism of creatine phosphate and the hydrolysis of ATP mentioned previously. The concentration of phosphate can increase rapidly during intense exercise from 5–30 mm [45]. There is a strong correlation between the accumulation of Pi and the loss of force. Currently, the mechanism behind this correlation is still disputed. The prevailing model suggests the Pi interferes with the duty cycle (the state in which actin is strongly bound to myosin) resulting in the detachment of myosin from actin reducing the number of strongly bound cross bridges [46]. Recent studies have come to refute this hypothesis however, instead supporting a model that suggests that elevated Pi levels decrease force through decreasing the energy available from the hydrolysis of ATP. Regardless of the mechanism behind the loss of force production, Pi is also known to impact the sensitivity of Ca2+ limiting muscle activation as well as force production [46]. During exercise, as muscles work, the intramuscular pressure increases which may reduce blood flow into the muscles [45]. With a potential relative decrease in oxygenated blood supply for the working muscles, hypoxemia may occur and metabolic waste accumulates ultimately aiding fatigue [45].



ATP is essential for muscle contractions. ATP fuels the Na+/K+ action potential, the SR Ca2+ release, and the myosin filaments. The activities of these enzymes account for 10%, 30% and 60% of total ATP use, respectively. Glycogen is the primary carbohydrate store necessary for the production of ATP and is stored within skeletal muscles as well as the liver. Muscle glycogen stores are specifically designed to supply muscles with ATP during contraction. As one exercises, the stores are slowly utilized and glycogen becomes limited. Low-muscle glycogen and/or glycolytic-derived energy is associated with impaired SR Ca2+ release, reuptake, and Na+/K+-pump function [45]. With these functions impaired, muscle contraction simply will not occur.



Ultimately, the previously described metabolic factors (H⁺, Pi) culminate, impairing muscle function and resulting in decreased force and power production, which is often associated with the experience of fatigue. While fatigue manifests similarly across all muscles, motor unit composition across working muscles could play a role in fatigability [47]. Muscles are composed of a combination of all three fibers but typically there will be a greater percentage of one fiber depending on the muscle’s role. For example, a study by Staron et al. found that the vastus lateralis of both men and women was, on average, 41% I, 31% IIa, and 20% IIx [48]. The dominant fiber type is type I as the quadriceps utilize endurance tasks daily through walking. Ultimately, every muscle group will have varying ratios of fiber composition. Therefore, from a peripheral fatigue perspective that could result in differences in the rate of fatigue.




3. Impact of Fatigue on Performance and Biomechanical Variables


The degree of muscle fatigue is also dependent upon the intensity of the task and the individual’s perception/motivation. As fibers fatigue, more motor units are recruited in an effort to sustain the desired force. A study by Potvin and Fuglevand assessed the firing rate and force production of a muscle that contained ~120 motor units. At the submaximal load of 20% max force, maximum voluntary excitation progressed from 27.9% to 100% over the course of 511.5 s. Simultaneously, the force capacity of the muscle decreased as fatigue set in. As the target force increased, time till force capacity reached the target force production decreased exponentially. At 50% max force, time to fatigue was 95 s and at 100%, max force was sustained for less than 1 s. Sport is a combination of maximal and submaximal efforts with intermittent rest periods, however, done over an extended period of time, fatigue will set in and performance will suffer [38].



Muscles work in groups to produce the movements seen in sport. The culmination of each muscle’s fatigue may result in decrements to the performance of said movements. This was exemplified by Kennedy and Drake who assessed the acute effects of fatigue on performance in rugby players after partaking in high intensity fatigue protocols that replicated their sport followed by a countermovement jump that was assessed 24 and 48 h after the fatigue protocol. Most variables assessed showed substantial decreases at 24 h post-baseline, with the greatest magnitude noted in mean concentric power, peak velocity, jump height and force at zero velocity. At 48 h post-baseline, substantial increases in eccentric duration, concentric duration and total duration were first observed [39]. In another experiment testing how fatigue impacts performance in female handball athletes, participants were put through varying fatigue protocols that ranged from high intensity to low intensity workouts composed of handball actions in the format of a circuit with a gradual increase in laps around the field. The results showed that the high intensity program displayed a 9.5% decrease in maximum propulsion force and an increase in center of pressure (CoP) area by 224% after the fatigue protocol [40]. The study also demonstrated significant differences in CoP displacement from baseline in both the anteroposteior and mediolateral directions following the fatigue protocol [40].



The impact of fatigue on performance can also be noted through a decrease in power production, directly correlating to a decrease in force production, during a vertical jump test. Cooper et al. also conducted research to find the effect of lower body muscular fatigue on vertical jump performance. In this study, 24 individuals completed the Bosco Protocol to induce fatigue. Following fatigue, participants were instructed to do either a static vertical jump or a countermovement vertical jump. The results showed that the jump height decreased significantly in all participants post fatigue compared to pre-fatigue testing in both conditions. This study also demonstrated decrements in the balance following fatigue [49]. Furthermore, several other studies demonstrate similar findings to the aforementioned conclusion in regard to performance decrements [50,51].



To further highlight the complexity of fatigue and how it may impact performance outcomes, the work of Smith et al., identified the impact of mental fatigue on physical performance in soccer players [52]. Smith found that mental fatigue significantly reduced running distance in the Yo-Yo intermittent recovery test along with reductions in shot speed and accuracy in a group of male soccer players [52]. Mental fatigue has been highlighted as “pyschobiological” impairments that are caused by high mental efforts that require high cognitive and emotional loads ([53], p. 13). This differs from neuromuscular fatigue which is associated with upper motor and lower motor reductions in muscular activation [41]. When discussing athletic competition, it is extremely important to note that physiological fatigue (both central and peripheral) does not occur in isolation [54]. Furthermore, the impact of mental fatigue in conjunction with the physical components of fatigue may have significant implications on performance and movement [52,53].



Fatigue, as described previously, impacts the ability of a muscle to produce force [49]. Theoretically, impaired force production results in alterations to both movement kinetics and kinematics which may lead to performance decrements, as highlighted above [55,56,57]. However, the effect that fatigue has on kinetics and kinematics remains inconclusive [55,56,57,58]. From a kinematic perspective, Quammen et al. observed decreased knee and hip flexion angles across the entirety of the movement when subjects performed a running, stop-jump task (initial contact, peak knee flexion, peak vertical GRF) post fatigue [55]. Additionally, Cortes et al. found progressively decreased knee flexion and increased knee adduction as fatigue accumulated in a crossover single leg hop task following multiple rounds of a fatigue protocol [56]. Lucci et al. found significantly increased knee internal rotation after fatigue and decreased hip flexion, knee flexion and hip internal rotation during unanticipated side-stepping [57]. Conversely, a systematic review of 37 studies regarding lower extremity fatigue and neuromuscular function found that fatigue had no consistent impact on knee flexion angle, with 13 studies reporting increases, 5 studies reporting decreases, and 7 studies reporting no changes regardless of the fatigue protocol [58].



Ground reaction forces are dependent upon how the body impacts the ground, adapts to the impact, and responds accordingly to complete the movement. Similar to the current kinematic data discussed above, the effect of fatigue on kinetics is also inconclusive [55,56,57,58]. Watanabe et al. observed the effects of controlled lower extremity fatigue induced by a short term, high intensity protocol through the changes in ground reaction force from single leg drop jump landings after a fatigue protocol. There was a 10% decrease in the time to peak vertical ground reaction force noted in the fatigued group, as well as a 3.6% reduction in peak vertical ground reaction force, and a 9.4% increase in loading rate [59]. Kellis and Kouvelioti attempted to isolate fatigue to only the knee flexors or the knee extensors using a dynamometer as part of their fatigue protocol. Following fatigue, they observed single leg landing, which demonstrated a decreased peak vertical GRF, but only with fatigue to the knee extensors during a landing task [60]. Conversely, Pappas et al. assessed a bilateral drop jump and found significantly higher peak vertical GRF post fatigue [61]. Brazen et al. assessed the effects of fatigue on landing biomechanics using a single leg drop jump landing. They also found that after the fatigue protocol participants landed with greater peak vertical ground reaction forces when compared with their baseline measurement [62]. Contrary to all the previously mentioned studies, several studies have demonstrated no significant difference in either vertical or posterior GRF when assessing fatigue on a drop landing to a vertical jump or during running-stop-jump activities [55,63,64]. Furthermore, Barber-Westin and Noyes discovered that 14 out of 22 studies in their systematic review reporting data on GRF saw no change in landing forces following fatigue [58].



Given the variability of fatigue protocols utilized in the literature, the final aim of this review is to provide a prospective fatigue protocol with subsequent kinetic analysis. Peak vertical and/or posterior ground reaction forces are incredibly important in regard to observing the stress placed on the knee. As mentioned previously, the knee is a commonly injured joint with athletic exposure [33,65,66,67]. Despite this, only a small section of research has explored the implications of fatigue protocols on multidirectional GRF [68]. It would be hypothesized that fatigue would elicit a significant difference in the magnitude and direction of the GRF vectors during landing, but as previously reported the literature has been inconclusive [68]. Furthermore, there have been various protocols utilized to elicit fatigue, which may contribute to the variability described above [54,58,68].




4. Proposed Protocol


The purpose of the proposed protocol is to assess the effects of fatigue on the GRF of a drop jump after repeated bouts of a Wingate Anaerobic Power Test (WAPT). The WAPT is considered the “gold-standard” of anaerobic power measurements [69]. The test consists of maximal effort cycling against a fixed torque factor for 30 s [69]. While the WAPT has historically been used as an assessment of anaerobic power, we feel that it may serve as an ideal test to induce both peripheral and central fatigue when compared to the more commonly utilized task specific protocols which likely only induce peripheral fatigue [68]. According to Benjaminse and colleagues, “General fatigue models appear to have more ecological validity in terms of simulating sports-relevant movement tasks” ([68], p. 578). Recent research has shown that there is no significant difference between lower extremity landing kinematics following task specific protocols [68,70]. With these criteria in mind repeated bouts of the WAPT may be an ideal way to induce general fatigue and more closely simulate metabolic demands associated with team sport [68,71,72]. The general fatigue model that we will propose below, while novel, builds on previous research carried out on the topic {68]. With the lack of homogeneity across protocols used, the proposed protocol may capture components of central and peripheral fatigue and therefore would make an ideal protocol across a broad spectrum of team athletics [68].



Along with the discrepancies in protocols, there continue to be contradictory findings across this topic [68]. Several studies have demonstrated an increase in vertical GRF during fatigued landing [55,61,63], while other studies refute those findings [58,59,60,73]. Therefore, there is little consensus on, how and if, the magnitude of GRF changes with muscle fatigue.



Indeed, one would tend to believe that the discrepancies across the results must be directly correlated with the preceding “fatigue protocol.” The inconsistencies across fatigue protocols may elicit conflicting results [44,68,73]. Given the complexity of fatigue, it is not surprising to see the variability of fatigue protocols utilized in the literature [54,68]. Figure 1, illustrates a proposed protocol that may impact the various components of fatigue. The authors propose a baseline Drop-Jump that is then followed by a series of three Wingate Anaerobic Power Tests (WAPT) separated by 60 s rest between trials. Following the completion of the three WAPT, participants would be asked to complete another Drop-Jump immediately following. The participants will be asked to complete this process three times in total. Therefore, there would be three rounds of three WAPT, which will then be followed by an immediate bilateral drop-jump assessment.



The high-intensity interval bouts on the cycle ergometer in conjunction with the repeated depth jumps would allow for the potential of both central and peripheral fatigue to be achieved [68]. Previous research has made clear that attempts to mimic the kinematic demands of sport participation have proven to be unsuccessful [55,58,59,60,61,63,68]. However, the protocol that we are proposing does not attempt to replicate the kinematic demands of sport participation. Rather, the proposed protocol would attempt to closely align the physiological demands of team sport participation [68,71,72]. Previous research across a variety of team based sports have shown that the physiological requirements for participation are associated with repeated bouts of short duration efforts similar to those that would be utilized in our proposed protocol [74,75,76,77]. Furthermore, we can appreciate that perhaps the movement patterns associated with repeated cycling are not “specific” to all athletes; however, the metabolic requirements could potentially be replicated given the repetitive nature of the protocol [74,75,76,77]. Additionally, the repeated nature of our proposed protocol, while anaerobic in nature, has been shown to tax all three metabolic systems, with significant contribution from the aerobic system, in team sport athletes [72,78,79].



Furthermore, utilizing the WAPT, data can be collected relative to peak power, fatigue index, and rate of peak power development. The data from each WAPT would provide insight into performance output which could subsequently be compared to the series of kinetic measurements from the drop jump assessments. Kinetic variables such as peak vertical GRF, peak posterior GRF, peak anterior GRF, peak medial and lateral GRF, and rate of force development would be collected and compared across the continuum of fatigue [41]. We believe that this may induce a similar complexity of fatigue that may be consistent with an athletic endeavor, unlike what has been noted to be completed in current published laboratory studies, which have tended to utilize more task specific protocols [54,68]. In comparison, the primary benefit of repeated bouts of the WAPT is that it may induce fatigue systemically as opposed to the more task specific protocols that have been previously studied [54,68].



Given that the relationship between fatigue and ACL injury risk is not completely understood, we would hypothesize that perhaps a more vigorous fatigue protocol may be necessary to more closely simulate the fatigue induced by athletic competition [68,71,72]. As mentioned previously, there are various risk factors associated with ACL injury risk [3,7,25,26,27,36]. We hypothesize that the proposed protocol may induce fatigue, which may further impact the kinetics associated with landing. Depth jump assessments have been used to make assumptions regarding ACL injury risk [80,81]. Therefore, we hypothesize that the metabolic requirements associated with the proposed protocol may tax team sport athletes in a way that is more “sport” specific, which may in turn change the biomechanical responses to landing. Finally, as fatigue begins to manifest, the authors would suggest including a perceived fatigue rating scale, to assess perceptual changes in fatigue [54]. However, given that fatigue perception is an individualized experience, that may be a potential confounding variable. Furthermore, we believe that this protocol could be utilized across several athletic populations.




5. Limitations


As previously mentioned, the proposed protocol would attempt to closely align the physiological demands of team sport participation [68,71,72,74,75,76,77]. While the protocol may be suitable for team sport athletes, it may be less suitable for endurance athletes who perform activities at submaximal intensities throughout their respective events. This ultimately would impact how their fatigue is manifested and experienced [82,83]. Furthermore, despite the proposed protocol emphasizing the metabolic specificity associated with team sport, it is accepted that the proposed repeated bouts of cycling are not “specific” to all athletes. Therefore, the task specificity of cycling will certainly impact specific muscular activity [84]. Given the traditional muscular contraction patterns associated with cycling, the protocol may generate fatigue that may not directly apply to individuals that regularly perform activities that involve repetitive high eccentric loading [85].




6. Conclusions


Overall, the multifaceted nature of fatigue likely has a major contribution to discrepancies seen in terms of the biomechanical changes that can occur [55,58,59,60,61,63]. To draw conclusions on the impact of fatigue on ACL injury risk, continued exploration is required [36,68]. Fatigue protocols should attempt to replicate metabolic and peripheral fatigue that would occur within athletic competitions. Furthermore, fatigue protocols must focus on impacting the various components of fatigue with emphasis on promoting a protocol that may even incorporate mental fatigue.
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Figure 1. This figure represents a flowchart of the proposed fatigue protocol. The protocol is designed to allow analysis of rate of fatigue from the WAPT, while tracking kinetic variables across the continuum of fatigue. WAPT: Wingate Anaerobic Power Test; W: Watts RPM: Revolutions per Minute. 
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