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Abstract

:

The Wingate Anaerobic Test (WAT) has been widely used since its creation in 1974. The WAT involves performing a 30 s “all-out” cycling test. The test is currently applied with some modifications, partly due to the evolution of the material used to perform it. The purpose of this text is to act as a guide for the correct use and application of the test, as well as to highlight the importance of controlling many of the variables that may influence its results. Methods: A literature search was conducted in PUBMED/MEDLINE and Web of Science with different combinations of keywords all related to the WAT to obtain a search of 113 papers. Results and discussion: It was observed that variables such as the duration of the test or the resistance used in the cycle ergometer must be adjusted according to the objective and the population evaluated, while others such as the warm-up or the supplementation of different substances can improve performance on the WAT. Conclusions: In order to apply the WAT correctly, variables such as duration, resistance used or warm-up time and intensity must be adjusted according to the evaluated subjects and the aim of the study. Other variables such as position on the bike or equipment used should also be controlled if we want to guarantee its replicability.
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1. Introduction


1.1. The Wingate Anaerobic Test, Origin and Relevance


Originally based on the Cumming test [1] the Wingate Anaerobic Test (WAT) was developed at the Department of Sports Medicine and Research of the Wingate Institute for Physical Education and Sport in Israel during the mid and late 1970s [2]. Since the introduction of its prototype in 1974 [3], the WAT has been used in various laboratories, both as a test that assesses anaerobic performance and as a standardised effort to analyse responses to supra-maximal exercises.



The purpose of the WAT is to evaluate the availability of ATP–Phosphocreatine reserves (quantity and speed) using the phosphogenic system (Phosphocreatine) and glycolytic metabolism by measuring the power generated in an all-out cyclo-ergometer test (exercise performed at maximum intensity without distribution of effort from start to finish) [4,5]. It was designed to be administered in a simple manner, without the need for specifically trained personnel, at low cost, and performed with accessible equipment such as the Monark ergometer or cyclo-ergometers equipped with similar mechanisms. It was also devised to be non-invasive, aimed at quantifying muscle performance through indirect variables (physiological or biomechanical) and feasible to administer to a broad spectrum of the population (including children and the physically handicapped). Furthermore, it is based on the assumption that anaerobic performance is a local rather than systemic characteristic and that the test could be applicable to both upper and lower limbs.



In retrospect, since its origins as a measure of anaerobic power and capacity in 1974, the WAT has gained wide acceptance as an important assessment test to determine anaerobic performance. Several studies were carried out on modifications to optimal load and/or load duration in a variety of populations (these will be studied in more detail below). This has led to its evolution over the years, with many variants and modifications in its application in different research study designs. It is probably the most widely used anaerobic test. It has also served as a basis for the design of newer tests of a similar nature [6] and other performance-based protocols, such as the Sprint Interval Test [7]. Furthermore, it was deemed objective, reliable, valid and sensitive to improvement or deterioration of anaerobic performance rather than to overall good health.



In order to determine the validity of a test, it must be compared to a gold standard protocol that is known to produce accurate and reliable results. However, there is no gold standard protocol for measuring anaerobic capacity or power [8]. Instead, the WAT was compared to laboratory results, sports performances and sports specialities in order to verify its validity as a test protocol. These aspects will be covered in greater detail in the following sections, although we can already state that the original WAT only seems to have validity for control of Peak Power (PP), not for Mean Power (MP) or Fatigue Index (FI) [9].



In terms of the reliability obtained in the different researches conducted, the results depend on the measured variable being referred to. In the case of PP and MP, they indicate that it is a precise and valid indicator [10]. Therefore, the WAT can be used as a valid and reliable predictor of anaerobic capacity and power [11]. WAT reliability coefficients (test–retest comparisons p < 0.05) are good for PP (r > 90) [9,11] and MP (between 0.91 and 0.93) [3,12,13,14]. On the other hand, FI reliability is low r = 0.43–0.73 [1].



In a study carried out with eleven healthy, moderately-trained males, comparing six sprints on a bicycle ergometer on four different occasions, which were separated by a minimum of 1 day and a maximum of 7 days, maximum power was significantly higher (4.9%; r < 0.05) in trial 2 compared to trial 1, whilst there was no difference observed between trials 2, 3 and 4 [15]. A familiarisation session is therefore likely to be useful in improving the reliability of PP and MP, although FI reliability remains low even after familiarisation sessions [9], probably because it depends largely on aerobic metabolism [16].




1.2. Protocol and Information Provided by the WAT


First of all, it is important to know how this test was initially designed and its original protocol in order to then give the guidelines for its possible adaptations.



The WAT requires pedalling with lower or upper limbs for 30 s, at maximum speed and against constant resistance. It is important to make the athlete understand that this is a maximum effort test. It is also important to know that maximum pedalling cadence peaks within 5 s of the test starting. Resistance is predetermined to produce supra-maximal mechanical power (equivalent to 2–4 times maximum aerobic power) and to elicit a noticeable increase in fatigue (i.e., a drop in mechanical power) within the first few seconds.



In its simplest form, a cyclo-ergometer or mechanical bicycle can be used that has a device enabling the load to be added manually, as well as a revolutions per minute counter and a stopwatch to record these revolutions every five seconds. In laboratories, this equipment is often used for the above-mentioned types of tests.



The original version of the WAT recorded the following activities [10]:




	
Warm-up: Roll 3–4 min at 60 rpm with 60 w (women) and 90 w (men), with two or three 3–4 s sprints being interspersed at maximum speed;



	
After the warm-up: The subject rests for 2 min before performing the test;



	
The original test weight/load used for the WAT was 7.5% of the participant’s body mass, or 0.075 kg per kg of body weight [3]. This original workload was selected based on the use of young subjects rather than on adult (>18 years) or athletic populations








The test is carried out as follows:




	A.

	
Body mass (kg) is calculated by weighing with the minimum possible clothing/accessories;




	B.

	
The weight/resistance that will be applied to the subject in the test is calculated: 7.5% of the participant’s body mass, i.e., the subject’s body weight in kg.0.075.









The test: the subject starts pedalling at 60 rpm for about 10 s without resistance, and there is a 3 s countdown, after which the test resistance is set and the subject pedals at maximum power output for 30 s. The last 3 s of the test will be counted down. Once finished, the subject continues to ride at 60–80 rpm without resistance for at least 2–3 min.



Although the test was originally designed with a jump-start, i.e., before starting the test, the subjects were asked to start pedalling as quickly as possible (without a load). Once they had reached about 80 revolutions per minute, the load was placed on the cyclo-ergometer and the stopwatch was started. This procedure was used to reduce any error associated with the work required to accelerate the flywheel. However, nowadays, most authors carry out the test with a stopped start, in the same way as a track cyclist would in a 500 m race, as cyclo-ergometers are capable of recording data from each of the pedalling operations performed.



The information we can obtain from the test is as follows [17]:




	
Peak Power: The highest level of power reached during the test is usually within the first 10 s if the test is performed properly. With electromagnetic cyclo-ergometers equipped with force sensors on the pedals or mechanical cyclo-ergometers equipped with high-resolution pedalling speed sensors, it is possible to calculate maximum instantaneous power in one pedalling [18,19], which is a good measure of maximum anaerobic power. This value indicates the power generation capacity of the ATP–PCr system;



	
Relative PP: This value is obtained by dividing peak power by the weight of the subject. This result is of greater use than the previous one for the purpose of comparing subjects, since relatively speaking, a subject with less mass can reach higher energy levels than an athlete with more mass. PEmax = Pmax/mass (kg). The result is given in w/kg;



	
Mean power: The average power reached over 30 s. This value represents the capacity to produce energy through the ATP-PCr system and glycolytic metabolism-anaerobic capacity;



	
Mean relative power: This value is obtained by dividing average power by the weight of the subject.



	
Fatigue Index: The FI represents the loss of power experienced from the moment maximum power is reached and the end of the test [18] or, in other words, the fatigue rate is the rate of decrease in power during the test, expressed as a percentage of maximum power [2] and is related to the total capacity to produce energy through ATP–PCr and glycolytic metabolism. It is the least reliable and valid of the data provided by the WAT. However, it is very sensitive to training effects and sporting speciality, to the extent that elite track cyclists specialising in endurance disciplines have much lower fatigue rates than elite track cyclists specialising in sprint disciplines [18]. It is obtained as follows: (Equation (1) Formula for obtaining the Fatigue Index)










FI = (PP − Minimum power)/PP) × 100



(1)







Another value to take into account is the time needed to reach PP, as the shorter the time needed to reach this value, the shorter the time required to recruit muscle fibres. A longer time to reach PP will indicate subjects with fewer possibilities to recruit muscle fibres and motor units in a faster and more coordinated manner, demonstrating poor capacity for this type of work. This value is therefore related to the proportion of fast fibres to slow muscle fibres, allowing the percentage of fast fibres to be estimated. Thus, the results are important for talent identification or monitoring of training progress in track sprint cyclists. Another indicator of the type of fibres in the majority of test subjects is the analysis of the decrease in power levels. People with a higher percentage of fast contraction fibres will generate higher output power with a corresponding greater decrease over time [20].



Originally, it was assumed that peak power reflected the alkali anaerobic processes (phosphagen) and average power, the rate of anaerobic glycolysis in the muscle. A study by Jacobs et al. [21] showed that muscle lactic acid rises to extremely high levels in the first 10 s after starting the test, and therefore it is unlikely that PP reflects only alactic processes. It is safe to assume, however, that PP is a reflection (rather than a direct measurement) of the ability of the muscles of the respective limbs to produce a high mechanical power level in a short time.



Different considerations to be taken into account when carrying out the “original” test:




	-

	
The test should be carried out while the subject is seated on the bike during the entire test;




	-

	
It is of vital importance that the test be carried out to the maximum from the beginning; otherwise, the values recorded will not be reliable;




	-

	
Although cyclo-ergometers currently in use are taken into account, there are not too many problems in this respect, and it is important that the sampling frequency recorded to be as high as possible [22].









Taking into account the importance of this test, its great usefulness and the large number of studies that have chosen it, a review of the literature seems necessary to analyse the correct protocol to be applied and the variables that can condition performance on the test. A large amount of literature published on this test suggests that there will be several variables to consider and many factors that must be controlled before carrying out the test in order to obtain reliable and replicable results. The aim of this review is to analyse the variables of the protocol that affect the result in the application of the WAT.





2. Methods


A literature search was conducted in PUBMED/MEDLINE and Web of Science. Relevant studies published in English until 2021 were gathered. The main search terms in the title and abstract included the following: “wingate, protocol”, “wingate, origin”, “wingate, duration”, “wingate, resistance”, “wingate, warm-up”, “wingate, supplementation”, “wingate, sodium bicarbonate”, “wingate, creatine”, “wingate, β- Alanine”, “wingate, caffeine”, “wingate, nitrate”, “wingate, genetic” and “wingate, polymorfism”.



We excluded all studies with no apparent outcomes of interest and the following study types: case reports, letters, commentaries and editorials. From an initial search of 1713 papers, abstracts were reviewed to select a total of 107 papers. After reviewing the references of the most important papers, another five were included, for a total search of 113 papers.




3. Results and Discussion


3.1. Influential Variables in the Wingate Anaerobic Test


The following table shows the most important variables investigated and their effect on the performance of the WAT (Table 1).



3.1.1. Duration


One of the biggest disadvantages of the WAT is the sequelae that can be caused by the high acidosis reached due to the large glycolytic component of the same [23]. As a result, one of the main objectives of researchers when studying the suitable or sufficient duration of the test was to reduce or avoid these sequels. With this objective in mind, some research was carried out to ascertain the suitability and reliability of a shorter test.



On the one hand, Attia et al. [24] studied 81 exercise science students, who also played team sports, to see whether the power levels obtained in a 20 s test could predict those obtained in an original 30 s test, concluding that the power data obtained in the 20 s test predicted those obtained in the original time test. In the same vein, Stickley et al. [25] researched whether a 20 s test could predict the results of the 30 s test on female university students, also ascertaining its reliability. Finally, with a cross-validation design, [26] a study was conducted with 77 subjects, in which it was concluded that the WAT of 20 s could become a valid and sensitive protocol to replace the traditional 30 s WAT.



Herbert et al. [27] focused on maximum power instead and compared PP levels in a 6 s test and the original 30 s test on nine active men, finding very similar PP levels in the two tests, albeit being able to avoid the side effects of a longer test such as the 30 s test. Hachana et al. [28] made the same comparison as the previous researchers but compared a 15 s test with the 30 s test with 43 young physical education students. In addition to the positive relationship that they were expected to find in the maximum power of the two test durations, they also found a positive relationship in the average power levels obtained in the two different tests, although not in the fatigue index, which proved to have no relationship in the comparison made between the 15 and 30 s tests. Furthermore, intending to achieve a positive relationship in the FI, Laurent et al. [29] managed to validate a 20 s test performed by 50 male students using a derived regression equation, which enabled them to predict the results of the 30 s test with a 20 s one. Unlike previous studies, Zajac et al. [23] researched the relationship of the power levels generated in two 10 s and 30 s tests on 24 top-level athletes, finding that the PP obtained in the 10 s test was higher than that reached earlier. In addition, as can be expected from the presence of higher lactate concentrations recorded after the 30 s test, the latter would be more suitable than the 10 s test for assessing anaerobic capacity.



In order to use the 30 s test duration to evaluate competitive cyclists who had to compete in events longer than 30 s, but which still required a significant anaerobic component, Carey et al. [30] evaluated the differences in PP, MP and FI obtained in three tests lasting 30, 60 and 75 s, only obtaining similarities in the PP level. Lastly, studies that focused on the suitable duration of the test for the evaluation of anaerobic capacity would seem to recommend a test of a slightly longer duration. For example, Craig et al. [31] conducted research on nine trained cyclists to ascertain which duration between 10, 30, 40 and 60 s would be the most appropriate to evaluate both power and anaerobic capacity, based on the work generated, lactate concentrations and power levels obtained. Their conclusion was that the most appropriate duration would be 60 s. Later, Withers et al. [32] studied the most appropriate duration of the test—30–60 or 90 s—to assess anaerobic capacity in 6 males, based on lactate concentrations and oxygen deficit. They concluded that 60 and 90 s were the most appropriate durations in this case. Along the same lines, Calbet et al. [18] researched the most appropriate duration between 30 and 45 s based on the oxygen deficit during the test in order to evaluate the anaerobic capacity in 19 trained males, concluding that 45 s duration was the most appropriate for such cyclists. However, in most subjects, it is still insufficient to allow full utilisation of anaerobic capacity (many of them only used 80–90% of their anaerobic capacity). On the other hand, in elite track cyclists, they observed that full anaerobic capacity could be used in a test lasting between 40 and 50 s [19]. Vandewalle et al. [33] also claim that the duration of the test is insufficient for the purpose of suitably measuring the subjects’ anaerobic capacity.



It is important to remember that different values are obtained from the WAT-peak power, fatigue index and average power, among others. Thus, the duration of the test deemed suitable for the measurement of one value may be different from the duration recommended for another value. It is also important to take into account that, depending on the subject’s level of physical condition, speciality or genetics, etc., the duration may also need to be varied.



Therefore, it seems that depending on what our purpose is when performing the WAT, we can adjust its duration. Although it appears that in a young athletic or active population, a 20 s test could predict the result of the 30 s test, a 6 to 10 s test would be sufficient to obtain PP in any case. When assessing the anaerobic capacity of trained subjects, the duration of the test should be increased to 45–60 s.




3.1.2. Resistance of the Cyclo-Ergometer


Choosing a force load for each subject that produces the highest possible power peak and high average power is an important and, so far, only partially solved challenge. The strength originally suggested by the Wingate group was based on a study of a small group of young untrained individuals and has since been found to be too low or insufficient for most adults. The question of the optimal strength of the WAT has mainly been studied empirically by repeating this test with different loads in various populations. A priori, it seemed evident that the same load was optimal for maximum power, average power and fatigue rate in the WAT.



The first study into suitable resistance for the test was the one carried out by Evans et al. [14] on 12 highly trained adults, in which they concluded that resistance in the WAT has to be established in connection with anthropometric measurements, weight and volume of the subjects’ legs. A couple of years later, Dotan et al. [34] agreed with previous researchers, stating that the strength of the test must be related to body somatotype and body composition. However, they added that it must be, above all, a function of the subject’s level of physical fitness and recommend a strength of 0.087 kg/kg for active male students. They also confirmed that the optimum strength for PP was higher than necessary so as to maximise MP. A few years later still, Bar-Or [10] recommended using a braking force of 0.095 kp/kg in non-sporting adults and 1 in adult athletes (>18 years). In the case of the obese, women or children, these figures should be lower (Table 2).



In 1985, Patton et al. [12] studied two different resistances in 19 young males, concluding that the resistance initially recommended for the test (0.075 kg/kg) did not seem to be the most suitable for the purpose of obtaining the highest PP and PM levels. Later, Bradley et al. [35] studied which was the most suitable resistance between 0.075–0.085–0.095 and 0.105 kg/kg of body weight in 46 women from different types of sport and 25 non-athletes, observing that the greater the resistance applied, the greater the PP obtained in the test. They also stated that the most suitable resistance for this population would be 0.105 kg/kg of body weight, even higher, while to obtain the highest MP, suitable resistance was 0.085 kg/kg of body weight.



Both Linossier et al. [36] and Bediz et al. [37] studied suitable resistance in 15 untrained subjects and 30 sedentary university students, respectively, and both concluded that the highest PP levels recorded were with a higher resistance than the original, namely 0.084 kg/kg body weight and 0.095, respectively. According to Jaafar et al. [38], who carried out research on 16 university PE students, the highest PP was 11% of body weight. This same author, together with other colleagues, Jaafar et al. [39], compared the most suitable resistance for assessment of PP, MP and FI in 10 recreational and 10 highly trained subjects, concluding that both groups have a higher resistance than the original one (10% and 11% of the body mass, respectively). They considered the fact that trained subjects need a higher level of resistance than untrained ones. Lastly, two studies were conducted on elite cyclists, namely that by Richmond et al. [40] with 29 (13 girls), and by Hermina [41] on 15 cyclists (male). The former compared resistances of 0.08 and 0.095 kg/kg body weight and recommended a resistance of 0.095 kg/kg, while the latter compared resistances of between 7.5–10.5–12.5 and 14.5% body weight in order to achieve greater power in a 15 s test.



By administering a force equivalent to 0.5 J/rev/kg higher or lower than the optimum, it underestimates the average power by only 3 to −5% in the men and women who performed the test [34]. In conclusion, the force needed to produce peak power is 20 to 30% higher than originally suggested. This seems to depend on the subject’s level, being higher among athletes (particularly those engaged in events requiring greater power). This value is also higher in adults than in children and secondarily higher in men than in women. The force required to produce the highest PP is greater than that required for the highest MP.



Other authors make certain contributions regarding the resistance applied in the test; Üçok et al. [42], for example, claimed that it is more appropriate to use a resistance based on lean mass rather than the total mass of the subject, and obtained the highest PPs of between 90, 100 and 110 gr/kg of lean mass, with 100 and 110 gr/kg.



On the other hand, the test was originally designed with a jump start, i.e., before starting the test, the subjects were asked to start pedalling as quickly as possible (without a load) and, once they had reached about 80 revolutions per minute, the load was then placed on the cyclo-ergometer, and the stopwatch was started. This procedure was used to reduce any error associated with the work required to accelerate the flywheel. However, today, most authors carry out the test with stopped output, as cyclo-ergometers and data collection systems are very different. Related to this, MacIntosh et al. [43] placed more importance on starting the stop test, instead of soft pedalling, rather than the resistance that was used in the test, in order to obtain the highest PP. Vargas et al. [44] reached the same conclusion as the previously-mentioned authors, affirming that with stationary starting, the traditional resistance can be enough to obtain the highest values of power in subjects involved in recreational activity.



Therefore, it appears that a higher resistance is needed to obtain the highest PP. However, in order to obtain the highest MP, this resistance should be higher in women than in children and in men than in women. Furthermore, it seems that the initial recommendation of 0.075 kg/kg is insufficient and should be adjusted according to variables such as gender, physical condition and weight (the subject’s lean mass and especially the subject’s lower body lean mass).




3.1.3. Warming Up


Although several modifications and recommendations were made in this respect, the United States Olympic Committee, in 2004, made the following recommendations regarding the WAT warm-up:




	
For road cyclists:




	
Women: 5 min with a 2% resistance of total body weight, perform three sprints of 5 s each at minutes 2–3 and 4 with a 3.7% resistance of total weight. After the warm-up and before starting the test: a 3 min break;



	
Men: 5 min with a 2% resistance of total body weight, perform three sprints of 5 s each at minutes 2–3 and 4 with a 4.1% resistance of total weight. After the warm-up and before starting the test: a 3 min break.








	
For track athletes/sprinters:




	
Women: 5 min with a 2% resistance of total body weight, perform three sprints of 5 s each at minutes 2–3 and 4 with a 5% resistance of total weight. After the warm-up and before starting the test: a 3 min break;



	
Men: 5 min with a 2% resistance of total body weight, perform three sprints of 5 s each at minutes 2–3 and 4 with a 6.6% resistance of total weight. After the warm-up and before starting the test: a 3 min break.













Although taking into account the population on which the test was conducted, we should probably be cautious about the conclusions. Inbar and Bar-Or [3] conducted a study on children between 7 and 9 years old, whereby without knowledge of the concept of warm-up, they performed the test with and without a previous intermittent 15 min (30 s of activity and 30 s without activity) warm-up on a treadmill. Warm-up improved average power by 7% but did not affect PP. This improvement was consistent and highly significant from a statistical point of view. Furthermore, unpublished data from this study on these subjects have suggested that intermittent heat input (from this study onwards) was more effective than continuous 15 min heat input. Poprzęcki et al. [45] found no difference in the power levels generated in physical education students performing a 15 min warm-up at 60 rpm at 50% VO2max or otherwise.



In other research with a similar population sample (physical education students), the 15 min duration warm-up improves the MP and PP when associated with a recovery interval prior to exercise of 5 min. However, the 5 min warm-up duration allows better improvement of power output when the exercise is applied immediately after the warm-up. Consequently, the duration of warm-up and the following recovery interval when practising or assessing activities requiring powerful lower limb muscle contractions must be taken into account [46].



In the case of track cyclists, Tomaras et al. [47] compared the performance obtained in a WAT after a traditional warm-up (20 min at progressive intensity and four sprints with breaks between them) with a shorter warm-up of 15 min of progressive intensity and a single sprint, concluding that the traditional track cyclist’s warm-up results in significant fatigue, which corresponds with impaired PP output. A shorter and lower-intensity warm-up permits a better performance. With a sample of similar characteristics, Doma et al. [48] compared a submaximal warm-up with a warm-up that included 10 s periods of overload, finding significant improvements with the warm-up performed at higher intensities.



Lastly, it is important to take into account whether or not to perform stretching—static in this case—in the heating protocol since passive stretching after heating on a cyclo-ergometer significantly reduces the power generated later in the WAT [49].



Warm-up protocols may have significantly different impacts on PP during the WAT. Although more research is needed, developing a standardised warm-up protocol for the WAT may improve consistency between studies [50].



It seems that for untrained subjects in this type of test, a submaximal warm-up (5–10 min) could be enough to obtain their best performance, while in trained subjects, it would be recommended to perform some high-intensity exercise after the submaximal warm-up. More data are certainly needed to build an optimal heat input protocol for the WAT, and this may depend on factors such as subjects’ age and general health and on climate features.




3.1.4. Supplementation


Sodium Bicarbonate (NaHCO32)


Regarding bicarbonate supplementation, Zabala et al. [51] found no improvement in the power level reached on the WAT in elite BMX riders. For their part, however, Douroudos II et al. [52] did find improvements in performance following sodium bicarbonate supplementation after having administered the same supplemented amount as in Zabala’s group (0.3 g for each Kg of weight) to one of the second research groups. Other scientists [53] also obtained a small but insignificant improvement in active individuals by supplementing them with the same amount of sodium bicarbonate as in previous research.



Although the results may seem contradictory, a meta-analysis by Lopes–Silva [54] concludes that chronic but not acute NaHCO3 intake increases both the WAT peak and average power. The latest publication by Jieting Wang, J et al. [55] confirms the above statement, as they supplied 0.2 gr/kg between 60 and 90 min prior to the WAT, and HIT training to both the control and the supplemented group. The latter comprised a group of healthy students studied over six weeks, with a significant improvement in PP being obtained.




Creatine


Earnest al. [56] carried out a study on experienced strength athletes, in which following 14 days of creatine supplementation (not specifying the amount), they obtained a significant improvement in power levels in the WAT. Casey et al. [57] also recorded improvements in the work performed (peak and total) during a maximum isokinetic test following supply of a 20 g supplement of creatine per day over five days.



In the same vein, after supplying 20 g of creatine daily to three subjects (plus a placebo group and a control group, Odland et al. [58] found no improvement in power in a WAT, although higher total amounts of Pcr and ATP were observed in the muscle biopsies carried out. They concluded that these three days of supplementation might be too few for performance improvement in a supra-maximal test.



In the study conducted by Birch R. and Noble D [59], significant improvements were obtained in peak and average power in a maximum isokinetic test of 30 s following five days’ supplementation with four doses of 5 g each per day.



Lastly, in a systematic review carried out by Mielgo-Ayuso, J et al. [60] on the effect of creatine on the performance of football players, they concluded that creatine supplementation with a loading dose of 20–30 g/day, divided into 3–4 times per day, taken for 6–7 days and followed over 9 weeks with 5 g/day or with a low dose of 3 mg/kg/day over 14 days, has positive effects on the improvement of physical performance tests related to anaerobic metabolism in such football players.




β-Alanine


Supplementation with β-alanine could be an important nutritional strategy, as it was shown that Carnosine causes a buffer effect on hydrogen ions, improving the pH range of the active muscle, and preventing or reducing fatigue [61]. Hobson et al. [62] refer to the evidence of an ergogenic effect in high-intensity exercises following β-alanine supplementation, especially in exercises of between 1 and 4 min in duration. However, the meta-analysis conducted by these authors shows that exercises of less than 60 s in duration do not improve performance following β-alanine supplementation, although they highlight the importance of researchers noting factors such as a blind and control group, the purity of the supplement, and test reliability.



In a study on college football players (highly trained athletes) in which the subjects were supplemented with 4.5 g of β-alanine over 30 days, there was no performance improvement in a 60 s WAT [63].



However, in research evaluating the performance of 18 female football players following 30 days of supplementation with β-alanine at a rate of 2.4 g per day, an improvement in the WAT was observed at PP and MP. [64].



A further study by Ramzi, A et al. [65] on active subjects who were given 5 g of β-alanine per day (divided into two or three shots per day) for one week found no improvement in power levels obtained in the WAT, although an increase in both maximum and average cadence was recorded.



Cosgrove, R. [66] also researched whether applying 3.2 g per day or 6.4 g per day of β-alanine over 4 weeks improved the results of a WAT in 23 untrained adult males and observed no improvement in peak power and fatigue rate. He, therefore, concluded that although many studies reinforce the idea that β-alanine improves anaerobic performance, there are also many variables to be taken into account to substantiate this claim: composition of the subjects’ muscle fibres, duration of the test and control of the training carried out by the subjects during the period in which the supplement is taken.



Lastly, and in the same vein, Smith et al. [67] explained the of range results obtained following supplementation with β-alanine by the variety of supplementation periods used, the duration of the stimulus to which the subjects are exposed and the subjects’ level of training. They concluded that a 30 s stimulus seems too short to be influenced by supplementation of β-alanine.




Caffeine


There are several studies related to the ergogenic effects of caffeine and performance in the WAT. For example, in a study conducted on nine active subjects who were given 6 mg/kg body weight of caffeine, Greer, F. et al. [68] reported an ergolytic effect of caffeine intake compared to placebo on energy production (power generated). In contrast, no significant effect was observed with caffeine intake in 18 active men, who were given 5 mg/kg body weight, in follow-up work by the same authors, Greer, F. et al. [69].



On the other hand, in a study by Anderson et al. [70] on nine experienced cyclists, who were given 280 mg or placebo and performed the WAT with 9% of body mass as resistance, they found no significant correlation between caffeine intake and anaerobic performance in such cyclists. Additionally, when Chtourou, H. et al. [71] provided some 22 male PE students with a drink containing 80 mg of caffeine, 1 g of taurine and 27 g of carbohydrates, while the control group was given a drink with carbohydrates but no taurine or caffeine, improvements were recorded in PP and MP following a WAT with an 8.7% endurance of body weight.



Most of the studies that explored this issue have small sample sizes, which, as a result, may have little power to detect any statistical significance (at an a priori alpha level of 0.05), when in fact, there may be a real effect. A way to alleviate these limitations (by increasing statistical power over individual studies) is to perform a meta-analysis, and a 2017 study exists on this topic by Jozo Grgic et al. [72]. This meta-analysis, on which I base the conclusion of the ergonomic effect of caffeine on performance in the WAT, concluded after reviewing 16 studies that met the characteristics deemed necessary by the author, that there was a significant difference between trials with a placebo and with caffeine in the production of maximum and average power. Similarly, Duncan MJ et al. [73] observed an improvement in maximum power in the WAT when providing 22 males with 5 mg/kg, although they did not observe any improvements in MP or PP.



It is very important to highlight the idea referred to by Glaister, M. et al. [74] in their research. In addition to finding an ergogenic improvement with caffeine (5 mg/kg body mass) in PP obtained in repeated 6 s sprints performed by 14 well-trained men, they concluded that perhaps the reason why many of the previous studies into the ergogenic effects of caffeine on maximum power did not achieve higher power levels might be that they used too small an amount. It may also be, as Del Coso, J. et al. [75] found, that although improvements in MP of a WAT performed by healthy subjects with an intake of 3 mg/kg were observed, those improvements varied between 1% and 9%, thus underlining the importance of the existence of responders and non-responders.



It is not only important to indicate the amount of caffeine supplied by researchers in order to control its ergogenic effects but also the number of days and its tolerance. Lara, B et al. [76] conducted a study on 11 active people who were given 3 mg/kg body mass per day over 20 days and evaluated their effects in a modified WAT test (15 s) three times per week. They observed how the magnitude of the ergogenic effect of caffeine compared to placebo was greater on the first day of ingestion and then steadily decreased. They showed a continuous ergogenic effect with daily caffeine intake over 15 to 18 days and, subsequently, changes in the magnitude of this effect suggested a gradually increasing tolerance.



Although they did not conduct research directly related to the amount or effect of caffeine intake, Anderson et al. [77] recorded improvements in tests related to the placebo effect of caffeine and concluded that the improvement in caffeine performance of the WAT might be due to psychological rather than physiological reasons.



Lastly, it is important to note that improvements in WAT results with caffeine supplementation are observed in both trained and untrained subjects. Jodra et al. [78] recorded improvements in PP and MP as well as in the time needed to reach PP in both trained and untrained subjects who were administered a dose of 6 mg/kg.




Nitrate


Both, Cuenca et al. [54] and Jodra et al. [79] analysed the effect of nitrate supplementation on different variables, including power generated in the WAT. They saw how 15 subjects increased their PP and decreased the time to reach this PP following nitrate supplementation. Dominguez et al. [80] also found improvements in PP, albeit only a tendency to improve in reaching it over time (without this being deemed significant) after supplementing 15 trained men with 5.6 mmol/L. Lastly, Ballmann et al. [81] supplemented 11 active women before they went on to perform two 15 s tests, and recorded improvements in their measured power as well as in the work conducted during the tests.




Other Substances


There are other less researched substances such as:



Nicotine: Meier, J [82] conducted a thesis on the effect of nicotine on performance in the WAT. He found it caused no ergogenic effect;



Gold root extract: Ballmann et al. [83] studied the effect of gold root extract (GRE) supplementation on WAT performance. Although the researchers performed a 15 s test instead of the original 30 s test, they observed improvements in PP and MP of the supplemented subjects while at the same time failing to observe any improvements in the subjects’ FI;



Arginine: Olek et al. [84] studied the effect of 2 g of arginine taken before performing the WAT and no significant improvements in PP results were obtained from the test;



Salbutanol: Le Panse et al. [85] supplemented eight strength-trained and seven sedentary male athletes over 3 weeks by administering salbutamol 12 mg/day. They obtained improvements in PP, and two of the groups were analysed within the time taken to reach it.



Although there are several studies researching the effect of different substances on WAT performance, it seems that this effect is conditioned by the amount administered, the time of supplementation or the individual response of the subjects to each substance. Taking these variables into account, it appears that bicarbonate, creatine and caffeine may have a positive effect on WAT performance.





3.1.5. Genetic Variables


By conducting a brief review of the genes related to performance so far in the WAT, we obtained the following results (Table 3):



Except for the ACTN3 gene, which seems to have a contradictory bibliography [86,87,88,89], the other genes would seem to have a positive effect in their exposed forms [90,91,92,93,94] on PP and/or MP in the WAT.



It should be noted that some studies only gather data on PP and MP during the test and that all studies assess the effect of the gene on performance by taking into account PP and MP.




3.1.6. Other Variables


The following section provides brief reviews of other studies related to variables that may influence the goodness of the outcomes of the WAT, as well as the power data results obtained:




	-

	
Performing the WAT in a seated or standing position: McLester et al. [95] studied the performance of three seated and standing WAT on 35 subjects. There were no significant differences in power levels in the first tests performed while seated or standing. On the other hand, Wilson et al. [96] studied the influence of the subject’s position on the bike (seated and standing) during three consecutive WAT, and found no significant differences between the two positions in seven elite skaters. Reiser et al., conversely, recorded improvements of 8% when the subjects performed the standing test [97]. It is likely that additional energy from the upper body can be transferred from the hip, which might explain these increases;




	-

	
Regarding the effect of the use of oval plates in the WAT, Meyers et al. [98] found no difference in the case study they conducted, while Rodriguez-Marroyo et al. [99] did not find improvements in the power levels reached in the WAT in 15 high-level cyclists;




	-

	
The effect that altitude has on the performance of the WAT seems to mainly affect its aerobic component, insofar as Bedu et al. [100] compared the power levels obtained in the WAT performed by young people acclimatised to altitude (3700 m) and others living practically at sea level (330 m). In doing so, they did not record any significant differences in PP but did record them in MP. McLellan et al. [101], in contrast, carried out a study on 15 subjects who were given two WAT, with and without hypoxia, and did not record any decrease in test power. Lastly, Fallon et al. [102] compared the effect of hypoxia in the test on elite football players, finding no significant differences in terms of power;




	-

	
Neither Bar-Or [10] nor Bullinger et al. [103] found any significant improvement in test scores due to verbal motivation during a test conducted on young and elite female athletes, respectively. However, Edwards et al. [104] recorded improvements in the WAT MP of 12 active individuals;




	-

	
LaVoie et al. [105] researched the performance of the test with or without toe stirrups. After analysing 50 university students, they concluded that the use of cleats during the test improves all test scores (more than 10%);




	-

	
The effects of the length of the connecting rod in the WAT were studied by Imbar O et al. Although the length of the connecting rod did modify cadences during the test, it failed to modify power levels [106];




	-

	
As far as the time of day is concerned, in an initial study, twelve subjects carried out the WAT on 12 different occasions (duplicated measurements at 02:00, 06:00, 10:00, 14:00, 18:00 and 22:00), recording no significant differences with regard to PP and MP [107]. For their part, Lericollais et al. [108] analysed an increase in PP and FI in the comparison made between a WAT at 6:00 or 18:00 in 20 active subjects. Chtourou et al. [109] also achieved improvements in PP in the test carried out at 17:00 compared to one at 7:00, in 22 active males. Souissi et al. [110] recorded improvements in PP and MP of the tests, taken by 12 physical education students, at 18:00 compared to those taken at 8:00. Lastly, Souissi et al. [111], as in previous research, recorded higher power data in PP and MP in the tests carried out in the afternoon (7:00 vs. 17:00);




	-

	
Koch et al. [112] studied the difference in power levels obtained on the WAT with and without the use of carbon templates in the course of which they obtained no significant differences in PP or PM;




	-

	
Recinto et al. [113] found no significant differences in performing the WAT with either mouth or nose breathing;




	-

	
Ricard et al. [114] studied the influence of variations in bicycle seat angle of 72° or 82° on muscle activation and power generation of experienced cyclists. Although quadriceps and hamstring activation varied, power levels were not modified by the change in angulation. For their part, Peveler et al. [115] studied the effect of adjusting the height of the saddle on power levels obtained on the WAT, concluding that the knee angle of 25 to 35° makes it possible to reach higher levels more safely than at other angles;




	-

	
Jacobs [116] and Hosick et al. [117] studied the effect of dehydration on WAT performance. While in his thesis, Jacobs found no decrease in performance in passively dehydrated subjects by 2 to 4 and 5%, Hosick et al. also found no decrease in power in the WAT conducted on 15 healthy dehydrated subjects;




	-

	
A systematic review was recently published that studied the effect of music on WAT performance, concluding that although it appears that it may help to improve PP and MP, more studies are needed to corroborate this claim [118];




	-

	
As far as the effect of temperature and humidity is concerned, there were no significant differences in PP when the WAT was performed under three different environmental conditions (neutral (22–23 °C, 55–60% relative humidity), hot-dry (38–39 °C, 25–30% relative humidity), and hot-humid (30 °C, 85–90% relative humidity) [119];




	-

	
Ballmann et al. [81] studied the effect of compression garments on WAT performance. They recorded a significant improvement in MP but not in PP or FI in a study on basketball players;




	-

	
Baker et al. [120] studied the effect of a Mediterranean diet, compared to a Western diet, on WAT performance in the short term. They compared the differences in performance of 11 active subjects following 4 days of the Mediterranean diet or 4 days of the Western diet. Although they obtained significant differences in aerobic tests (also analysed in the study), they failed to obtain any improvements in the power levels reached in the WAT;




	-

	
Levy et al. [121] studied the effect of 10 days of intermittent fasting on WAT performance, finding a decrease in PP in fasting subjects;




	-

	
Michalczyk et al. [122] did not observe any significant differences in power levels recorded, although they did so in the total work carried out and in physiological values such as lactate concentrations, following 4 weeks without ingesting carbohydrates or one week with a carbohydrate load;




	-

	
Souissi et al. [123] studied the effect of sleep deprivation in thirteen healthy males on WAT performance. While 24 h sleep deprivation did not result in any decrease in performance, 36 h sleep deprivation did result in a significant decrease;




	-

	
Regarding the importance of being familiar with the test and having performed it previously, Barfield et al. [124] observed that by performing it previously, one experimental group improved power levels obtained on the test significantly compared to another group that had not previously performed it;




	-

	
The size of the chain or chainring used is also a variable that may modify the results obtained in the WAT. Clark et al. [125] compared results obtained in the test on 20 trained men with two different plate sizes, obtaining significant differences between both;




	-

	
The application of different stretching techniques before performing the WAT was also studied by Franco et al. [126] in 15 male participants, with decreases in power levels being observed as well as in the time needed to reach PP after stretching. Miller also found a significant decrease in PP performing static stretching before WAT [127];




	-

	
Afsari et al. [128] compared a classical warm-up with a full-body vibration warm-up without obtaining any significant differences, although they point out the importance of studying the effect of different types of vibration in greater depth;




	-

	
With the development of new cyclo-ergometers that record power data more comprehensively, it was possible to change the protocol by eliminating the output used. In the usual protocol, the WAT test commences with a moving start of around 60 rpm against low resistance, and then the load is quickly established. Supporters of the swing start (between 60 and 100 rpm) assume that this provides a faster increase in maximum power. On the other hand, standardisation is easier with a stationary start, and it should be possible to improve its reliability. Both Coleman SGS et al. [129] and W.Clark et al. [125] studied the difference between the start launched and the start from a standstill, finding significant differences in PP and the time in which it is reached, in addition to the peak cadence recorded. Despite more time being required to reach the peak with a stationary start, PP was significantly (11%) higher when compared to a moving start;




	-

	
The amount of lean body mass is one of the most important performance variables in the test, and when expressed in absolute values, the PP of a WAT is significantly lower in women. In one case studied, the difference between men and women was 51, 17 and 5% when PP was expressed as W, W/kg and W/kg lean body mass, respectively [130]. In contrast to the power expressed as W or W/kg, the difference in PP in terms of lean body mass between genders was not found to be significant, while in another study, absolute PP was 35% higher in men than in women [131]. This difference was only 10% when PP was related to kg lean body mass. Anthropometric variables accounted for less than 50% of the variation in PP in men, while in women, thigh volume represented 66% of the variation in PP [131];




	-

	
With regard to the type of cyclo-ergometer used for the test, or rather the type of resistance provided by the cyclo-ergometer used, there may be differences that modify the results obtained, since output power at crank level is greater than the power dissipated at flywheel level due to friction energy losses in the chain and sprockets. This energy loss is considered to be in the order of 5 to 9% [132]. In the case of a Monark ergometer (with which the test was initially designed), losses were around 2 and 4% for 150 and 300 W, respectively [133].









WAT performance was compared between a cycle-ergometer with mechanical resistance and another with a magnetic brake. Fifteen healthy subjects performed a WAT on a mechanical resistance cyclo-ergometer and a magnetic resistance cyclo-ergometer, with no difference being found between the two in terms of PP. In the case of the magnetic cyclo-ergometer, PP was reached later, while MP was lower. The magnetic cyclo-ergometer provides clearly different performance measurements, albeit giving rise to WAT results that may be used to evaluate anaerobic fitness [134].



Ozkaya O. et al. also concluded that PP, MP, lowest power, fatigue rate, maximum speed as rpm and amount of total energy expenditure demonstrated high reliability in magnetic cyclo-ergometers [135]. Conversely, Lakomy et al. stated that friction-loaded cyclo-ergometers might underestimate the power generated by the subject because they do not take into account acceleration of the flywheel [136].



This review aims to analyse the variables of the protocol that affect the WAT result. Although much research has been carried out on this test, there is no consensus on the results obtained for many of the variables studied (ACTN3 gene or nitrate supplementation), and other variables have hardly been studied (compression garments or vibration warm-up). On the other hand, it would be interesting to study in depth the relationship between more current variables such as genetics or microbiota and performance in the WAT.






4. Limitations


The most important limitation of this paper is in the design used. Although the author is aware that the study selection and the lack of methodological quality assessment imply a high risk of bias, due to the number of articles included in the review and the wide variety of variables covered, it was difficult to use any other type of design. Indeed, there are reviews conducted for only one of the many variables discussed in this paper [118].




5. Conclusions


The aim of this review is to analyse the variables that may condition outcomes on the WAT. It was seen how the most widely studied variables such as duration of the test, the resistance applied or warm-up must be adjusted, especially depending on the objective and the characteristics of the subject being tested. On the other hand, less studied variables such as the biomechanics of the bike, the material used or the time of day can change the results obtained.



It is important to control and standardise all possible variables to ensure that the WAT is carried out correctly.
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Table 1. Summary of the most important variables reviewed and their effect on the WAT. PP: Peak Power; MP: Mean Power; FI: Fatigue Index.
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Variable

	
Effect






	
Duration

	
Adjust the duration between 6–10 s and 45–60 s depending on the variable to be evaluated (PP, MP, FI) and the fitness level of the subjects




	
Cyclo-ergometer resistance

	
An amount of 0.075 kg/kg is insufficient and should be adjusted according to variables such as gender, physical condition and weight




	
Warming up

	
For untrained subjects, a submaximal warm-up (5–10 min) could be enough; in trained subjects, performing some high-intensity exercise after the submaximal warm-up could be recommended




	
Supplementation




	
Sodium bicarbonate (NaHCO32)

	
Positive effects




	
Creatine

	
With sufficient duration of intake and sufficient dosage, it seems to produce positive effects.




	
β-Alanine

	
It seems not to produce any improvement




	
Caffeine

	
With sufficient duration of intake and sufficient dosage, it seems that it produces improvements.




	
Nitrate

	
It seems that it doesn’t produce improvements in performance




	
Genetic variables




	
ACTN3

	
Contradictory results




	
AMPD1

	
Positive effects




	
PPARA

	
Positive effects




	
MCT1 T1470A

	
Positive effects




	
UCP2

	
Positive effects
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Table 2. Cyclo-ergometer resistances suitable for WAT. Table obtained from [10].
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T (Torque) = G (Body Weight) × C (Standard)




	
Leg Ergometry

	
X Body Weight = Torque (in Nm)






	
Male adult

	
0.7




	
Athlete male adult

	
0.8




	
Female adult

	
0.67




	
Athlete female adult

	
0.77




	
Boys (age 7–14)

	
0.55




	
Girls (age 7–14)

	
0.53
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Table 3. Performance-related genes in the WAT. Own elaboration.
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	Gene
	Effect on WAT Performance
	Alleles Related to Positive Effect





	ACTN3
	Positive/Negative
	RR



	AMPD1
	Positive
	



	PPARA
	Positive
	CC



	MCT1 T1470A
	Positive
	TT y AA



	UCP2
	Positive
	Ala55
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