CrossFit Case Study.
Introduction.
CrossFit is high-intensity functional training that incorporates aerobic, weightlifting, gymnastics, plyometrics, and metabolic conditioning (Falk Neto & Kennedy, 2019; Sobrero et al., 2017; Dominski et al., 2022). CrossFit workouts, known as WODs (workout of the day), can last from a few minutes to an hour (Băițan, 2021; DiPrimio, 2020) or longer at lower intensity (Pritchard et al., 2020), it involves altering functional movements, often in competition. CrossFit competitions can last many days, requiring athletes to perform at a high level. The "Fittest of South Carolina" (CrossFit Games) takes place over three days in Simpsonville, South Carolina in June, where temperatures can reach 33 oC (Celadon Living). To qualify, athletes must compete in the CrossFit Open and place first in their division, followed by an invitation to register from the CrossFit Fittest Team. There are over 90 Boxes (Gyms) represented (FITTEST, n.d.).
The unknown and unknowable are necessary elements of a fair fitness test as athletes compete in a series of events that are unknown to them until just before the competition begin (DiPrimio, 2020). Athletes must use a variety of physiological strategies both before and during competition to maximise their performance in these multi-day competitions. A typical WOD can include a series of movements such as box jumps, Olympic lifts, and pull-ups performed in rapid succession for a set number of rounds or duration (Glassman, 2007).
Athletes frequently use a combination of energy systems during these workouts; the aerobic energy system requires oxygen to produce energy, whereas the anaerobic energy system does not (Gastin, 2001), including the anaerobic ATP-PC system used during explosive max-intensity, working time of up to 10 seconds, which does not produce lactate (Saptono et al., 2021). The ATP-PC system is also known as the "instant energy system" since it is the body's fastest means to generate energy (Cooper & Naclerio, 2015). This system generates ATP rapidly by using stored adenosine triphosphate (ATP) and creatine phosphate (PC). The ATP-PC system is frequently used in WODs that entail heavy lifting, such as deadlifts, Olympic lifts, or sprinting.
The anaerobic glycolysis system or glycolytic system dominates during high-intensity activities to prolong the duration from 10 to 120 seconds, producing lactate (Bishop & Jenkins, 1999). Glycolysis converts glucose into ATP and produces two pyruvate molecules (Berg et al., 2015). In cells' cytoplasm, this generates two net ATP molecules per glucose molecule (Melkonian & Schury, 2022). Pyruvate then enters the mitochondria to continue cellular respiration in oxygen. In the absence of oxygen, pyruvate converts to lactate, yielding 2 ATP molecules (Chaudhry & Varacallo, 2018). WODs frequently feature repeated sprints, running 200m, 400m, 800m, and weight training, demonstrating that anaerobic capacity is associated to CrossFit performance (Kreher & Schwartz, 2012). A glycolytic dominant WOD example is "Fran," with Marissa Flowers holding the female record at 1.45 minutes (The Barbell Spin 2021).
The aerobic system, associated with cardiorespiratory endurance, dominates low-to-moderate intensity, smooth, continuous rhythmic movements with low power (Wilmore & Costill, 2004). Oxygen-dependent mitochondria produce ATP from stored carbohydrates and fat. Pyruvate molecules enter mitochondria and convert to acetyl-CoA, which enters the citric acid cycle to produce ATP and Carbon dioxide (McArdle et al., 2010). In the final phase of the electron transport chain, mitochondrial membrane protein complexes shuttle high-energy electrons from NADH and FADH2, producing ATP (Voet et al., 2016). Aerobic respiration yields 36–38 ATP per glucose molecule (Berg et al., 2015). Longer-duration WODs, such as AMRAPs (as many rounds as possible) like the 20-minute "Bergeron" Open (Kyllmann, 2020) emphasise the aerobic system with repeated weightlifting actions like power cleans and snatches. CrossFit's aerobic system is demonstrated by Lukas Esslinger's 2:43 marathon row win in 2018 CrossFit event 4 (YouTube, 2018). 
Overall, CrossFit is intended to be a diversified and ever-changing workout regimen that challenges athletes across a variety of energy systems and time domains Depending on the type, length, and intensity of the WOD.

Tapering.
Tapering is necessary for competition preparation for all athletes, including CrossFitters. Tapering reduces training volume and intensity in the weeks before a competition to let the body recuperate and physiological systems supercompensate (Mujika & Le Meur 2012; Le Meur et al., 2012). This minimises fatigue, injury risk, and improves performance (Mujika et al., 2004; Wang et al., 2020). The National strength and conditioning association (2019) advise a 4–28-day taper. Athlete experience, event duration, and competition prestige influence taper length. Although the "Fittest of South Carolina" status and duration are known, tapering for the unknown WODs will lack the precision necessary to dial into the competitive event specifications.
Athletes can encounter the interference effect, when aerobic exercise reduces strength training adaptations (Coffey & Hawley, 2016). Considering CrossFit requires concurrent training (Coffey & Hawley, 2016), athletes may participate in endurance, strength, and mixed modality events in one competition, which may negatively influence training adaptations and tapering. So, CrossFit competitors may utilise different tapering strategies than other sports due to the different competition demands. Experienced endurance athletes reduce training volume by more than 50% for a week or month before major competitions while maintaining intensity (Wilson & Wilson, 2008). Advanced anaerobic athletes received matching guidance (Wilson & Wilson, 2008). Since it is an invite-only tournament and "South Carolina's premier individual CrossFit competition" (FITTEST, n.d.), athletes would recognise the necessity of a lengthier taper, towards a one-month period. Pritchard et al. (2019) advocated strength athletes to reduce training volume by 50% and slightly modifying intensity. Combat (Papacosta et al., 2013) and team athletes perform better with reduced training volume during tapering (Fessi et al., 2016). Like CrossFit, these sports require great aerobic and anaerobic energy production and technical ability. Functionally overreaching athletes will require a larger training volume reduction or a longer taper (Pritchard et al., 2015). To minimise overreaching and injury, high training load CrossFit athletes should reduce volume while maintaining intensity. Elite CrossFit athletes performed better with a 41-60% training volume reduction, according to Pritchard et al., (2020) and Bosquet et al., (2007) meta-analysis.

Heart rate variability. 
Heart rate variability (HRV) measures heartbeat interval fluctuations (Thayer et al., 2012). It is employed to non-invasively assess autonomic nervous system (ANS) function, which regulates exercise adaptation. (Dong, 2016). The sympathetic nervous system (SNS) or "fight or flight," and parasympathetic nervous system (PSNS) or "rest and digest" comprise the ANS (Triposkiadis et al., 2009).
The SNS is active during exercise, however intensive activity is fatiguing and requires adequate recovery to allow positive adaptations (Gisselman et al., 2016). A sympathetic-parasympathetic imbalance can lower performance and even cause overtraining (Williams et al., 2017). HRV, a non-invasive measure of ANS function, displayed greater variability if an athlete is adequately recovered and low variability if they are inadequately recovered, suggesting that strenuous exercise is counterproductive at that time due to fatigue or "non-functional overreaching" (Windt, & Gabbett, 2017). (Meeusen et al., 2013). Athletes' HRV can reflect competition readiness.
Smartphone apps and heart rate straps (Flatt & Esco, 2013) or finger-wave pulse sensors can accurately assess HRV (Heathers, 2013). "Root-mean-square difference (RMSSD) of successive normal R–R intervals" is the most popular and accurate HRV measurement method (Aubert et al., 2003). Shaffer & Ginsberg (2017) emphasise the need of following a consistent measurement protocol every day at the same time and under the same conditions, without caffeine, stimulants, or other substances that can influence HR results. Buchheit (2014) recommended measuring HRV in the morning for 5–10 minutes with the athlete in supine position. This strategy is simple, quick, and will not interfere athlete recovery.
Measurement of ANS function can be improved by employing a weekly average of a minimum of three (preferably, random days) RMSSD assessments per week (Plews et al., 2013) or a 7-day running average (Plews, 2012). Schmitt et al., (2013) additionally recommends recording HRV in both supine and standing positions to gain more accurate insight into the SNS-PSNS relationship.
A large body of HRV research has been undertaken in the context of endurance training (Flatt & Esco, 2016; Plews et al., 2013). Thus, a grip dynamometer can provide additional information regarding an athlete's muscular fatigue (Jäkel et al., 2021; Schumacher et al., 2018). A grip dynamometer combined with HRV morning readings can indicate if an athlete is in positive adaptation or non-functional overreaching. (Nara et al., 2022; Walters et al., 2019; Roberts et al., 2011; Dodds et al., 2014). Lowery et al., (2020) conducted a systematic review and meta-analysis of studies on the portable linear position transducer (PLPT) Gymaware equipment and concluded it is also useful for assessing muscular fatigue and performance (Lowery et al., 2020). Prior to competition, the athlete's weight/Olympic lifting can be used with Gymaware (2021) equipment to establish a load velocity profile (LVP). This technology can analyse velocity losses, indicating fatigue, and adjust training loads based on daily readiness, lowering injury risk (Banyard et al., 2018). The PLPT can provide real-time feedback compared to the LVP during the warmup for a weight/Olympic lifting based WOD, advising whether the athlete should reduce load if they are performing below baseline or increase load if they are performing above baseline (Gymaware 2021; Orange et al., 2020).
Overall, the combination of HRV, grip strength dynamometer, and PLPT measures can provide comprehensive information about an athlete's fatigue and readiness to train, which can enhance performance and reduce injury risk and applied in conjunction with their taper.




Heat Acclimation.
Athletes competing in hot conditions such as the "Fittest of South Carolina" (33oC) require strategies to improve performance and reduce heat-related injuries (Rao & Mohan, 2021). Heat acclimation (HA) (laboratory) or acclimatisation (natural environment) prepares the body for heat stress by enhancing heat dissipation, decreasing heat generation, and improving cardiovascular function (Corbett et al., 2017).
Vasodilation allows skin heat loss during exercise (Wong & Hollowed, 2017). Sweating lowers blood volume and increases haemoconcentration, reducing venous return to the heart. This induces CVD by dehydration and increasing core temperature (CT) (Colye & Gonzalez-Alonso 2001). CVD is maintained cardiac output and exercise intensity, as heart rate, stroke volume, and preload decrease (Polsinelli et al., 2021).
Active strategies include heating the Box or wearing a sweat suit during WODs to simulate the competition’s hot environment. Athletes employ these strategies, exposing themselves to heat for 60–90 minutes per day, according to Corbett et al., (2017). Passive strategies like saunas or hot baths up to 40°C for 15-20 minutes can also work, although not as effectively as active methods (Zurawlew et al., 2016). However, Heathcote et al., (2018) found that a WOD in a heated gym/Box and an immediate post-WOD hot bath enhance HA during tapering to reduce fatigue and maximise performance. Heating bouts over 6-7 days promote optimal adaptation (Heathcote et al., 2018). During hot exercise, both active and passive strategies have been demonstrated to improve cardiovascular function, increase sweating efficiency, and lower CT (Sawka et al., 2011). Corbett et al., (2014) proposed that these strategies be implemented gradually, steadily increasing heat exposure time to reduce the risk of heat exhaustion or heat stroke, and that longer programs (approximately 10 daily exposures) are more beneficial than shorter ones (approximately 5 daily exposures). Neal et al., (2016) demonstrated that shorter programmes nevertheless produce significant adaptations and save time for athletes' scheduling. 
However, Mee et al., (2015) noted females may adapt more slowly and take longer to obtain the same benefits, therefore female athletes may consider a longer intervention to maximise performance. Mee et al., (2015) suggest that either afferent neural activity from peripheral or central thermoreceptors was altered, causing different thermal information integration, or efferent neural activity was altered for a given amount of input, or the effector response was altered as a possible cause.
Given that the competition lasts three days and that heat adaptations will last at least seven days (Neal et al., 2016), this acclimation strategy will serve for the duration of the competition.

The Maurten Sodium Bicarbonate System.
The acid base homeostasis bicarbonate buffer system maintains blood pH and metabolic activities with blood bicarbonate (HCO3-) (Hadzic et al., 2019). HCO3- is formed when blood pH is too alkaline (Boron & Boulpaep, 2017, p.965) If the blood pH is too acidic, HCO3- binds a proton, causing H2CO3 to dissociate again into H2O and CO2 (CO2), which increases breathing to remove CO2 and restore acid-base homeostasis (Hadzic et al., 2019).
Sodium bicarbonate (SB) is a popular ergogenic supplement for high-intensity exercises which largely utilise the glycolytic pathway (Peart et al., 2012), such as CrossFit. SB is recommended by the International Olympic Committee (IOC) as a non-prohibited supplement which will improve performance (Maurten, 2023). Glycolytic metabolism generates hydrogen ions (H+), resulting in an acidic environment that can compromise muscle function and performance (McNaughton, 1992). SB reduces fatigue and improves exercise performance by buffering the accumulation of H+ that causes increased blood acidity (Krustup et al., 2015). When consumed, SB breaks down into HCO3- and Na+ ions, which combine with H+ ions to form carbonic acid (H2CO3), carbonic acid rapidly dissociates into water and CO2, which the respiratory system can eliminate (Hadzic et al., 2019). During high-intensity exercise, SB improves fatigue, power, and total work during exercise (Grgic et al., 2021), which can be influential during a CrossFit competition. McNaughton et al., (1999) noted that SB increased high-intensity exercise time to exhaustion by 26% compared to a placebo. Hobson et al., (2012) meta-analysis of 37 studies, found that SB supplementation increased high-intensity exercise performance by 1.7%. According to Carr et al., (2011a) & Peart et al., (2012) meta-analyses, and Maurten (2023), SB supplementation can improve power, speed, work capacity, and time to failure during single and repeated bouts of high-intensity exercise by 2-3%, which are key factors of a CrossFit competition. However, SB may be both ergogenic and ergolytic, (Deb et al., 2018). The bicarbonate buffer system neutralises the acid in the stomach and duodenum. This is how it works. As a sensitive contributor of such complex processes, it can hinder performance (Hadzic et al., 2019). SB supplements can cause nausea, gastrointestinal discomfort, diarrhoea, and vomiting (Saunders et al., 2014; Carr et al., 2011b).
“The Maurten Bicarb System” increases an athlete's buffering capacity to delay fatigue during high-intensity exercise (Maurten, 2023). The bicarbonate hydrogel system is suggested to be more effective than traditional SB supplements in preventing gastrointestinal distress (Nutrition Triathlon, 2023). The Maurten system employs a novel combination of sodium alginate and calcium carbonate to produce a hydrogel that encapsulates bicarbonate ions, which are then slowly released in the small intestine, averting direct contact with the stomach, this is proposed to be more effective at preventing nausea, vomiting, and diarrhoea, which are commonly associated with conventional SB supplements (Maurten, 2023). The recommended dosage is 0.25-0.3g per kilo of body weight of the vegetarian/vegan friendly mixture, 90-120 minutes before high intensity exercise (Maurten, 2023). To make the hydrogel, add 200ml of water to the component in the bowl/pot. After a minimum of 5 minutes rest, add bicarbonate mini tablets, mix, and consume immediately (Maurten, 2023). As the Maurten Bicarb System is Informed Sport Certified (Maurten, 2023), this should provide assurance to the CrossFit athlete that it been tested for prohibited substances and manufactured to high standards, therefore safe for competition use.   
While CrossFit athletes may employ tapering, HRV monitoring, heat acclimation, and the Maurten bicarb system before and during competitions, these are not the only strategies that can enhance performance. To boost physical and mental performance, ergogenic aids such as creatine, caffeine, and nitrate-rich beetroot juice may be utilised. Creatine is a popular supplement among athletes for increasing the demands of the ATP-PC system (de Poli et al., 2019) whilst caffeine can help focus, response time, and endurance (Karayigit et al., 2020). Beetroot juice, high in nitrates, has been found to boost exercise performance by improving blood flow and decreasing the oxygen cost of exercise (Domínguez et al., 2017).
Nutritional and hydration techniques can be explored to boost performance, especially in hot environments (Périard et al., 2021). Breathing techniques can be used to control the body's stress reaction (Zaccaro et al., 2018), and improve mental focus (Ma et al., 2017), while compression clothing can aid recovery (Brown et al., 2017). 
Finally, heat and ice strategies can help with recovery (Ishan et al., 2016) by lowering inflammation and increasing blood flow to muscles. While tapering, HRV, heat acclimation, and the Maurten bicarb system are all useful resources for CrossFit athletes, it is worth exploring many physiological strategies to aid performance.  
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