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Abstract


The use of the three-energy system model has not been challenged since it was first demonstrated in 1963 [1]. The use of 'Aerobic/ Anaerobic” terminology has become synonymous with analysis of physical work in athletic performances for many years. At the turn of the millennium the balance of the two mechanisms was further consolidated by researchers looking at athletic events [2]. This has led to the use of blood lactate to assess fitness and has been used for decades. 











Introduction




Generally this is carried out at sub maximal efforts looking to identify the 4.mmol/l point [3] lactate threshold [4] OBLA [5] max lactate steady state [6] or other similar descriptive points. Although values are often recorded in competition environments, particularly in swimming, far less is written about the maximal levels of lactate achieved in competition or in maximal efforts. Lactate is the end product of the anaerobic metabolism of glucose, and its accumulation in the blood signals an increase in production or a decrease in utilization, or both [7,8]. It may represent the amount of anaerobic work carried out by the working muscles (fibres). Lactate may be a marker of a deficit in aerobic ATP during prolonged sustained workloads as well as accumulating as part of anaerobic glycolysis at higher intensities [9]. The use of blood lactate to monitor and predict performance has fallen out of favour since the millennium [10]. As maximal efforts extend in duration from a few seconds to minutes, there is a track-able trend of peak blood lactate dropping as the time course increases from 45 seconds onward [11]. Longer time courses show reduced lactate values around 4mmol/l for 30 minutes of work (this is in trained athletes and can be much less time in unfit athletes). This continues to reduce as the duration of exercise extends up to and beyond 1 hour [12].




Peak lactates in swimmers has also been seen to differ due to the length of the pool [13]. Long course, 50m lengths (LC) (200m swim, 132.3	± 9.1 sec) and short course, or 25m (SC)swimming (200m swim 128.4±10.7 sec), showed differences in peak lactate - (SC peak lactate of 9.27±3.1mmol/l; LC peak lactates of 10.76±3.1mmol/l)
[13]. Post-race, peak blood lactate has also been seen to be as high as 25.7mmo/l for 200 yards individual medley swims (where all four strokes are swum together) in USA Collegiate meets. When the 4 strokes are swum individually, over the same distance, peak blood lactates have been recorded as being between 16.4 and 20.6mmol/l [14]. The peak blood lactate ranges for longer events were between 15.6mmol/l for 500yd freestyle and 10.0mmol/l for 1000 yards. Our own observations of competition swimming of individual male swimmers has shown values ranging from 6.1mmol/l, 12.4mmol/l, 14.3	mmol/l, 16.2mmol/l, and 16.7mmol/l for 1500m free, 800m free, 400m IM, 200m free, and 100m free respectively. A summary of competition mean values are summarized in Table 1.



Table 1: Mean & standard deviation for Mass, Time & Blood lactate, across the swimming events during competition (n=455). Blood lactate at Maximal Oxygen Uptakes (MVO2) is assumed to be greater than 8 mmol/l [10,15,16]. Where an athlete shows significant anaerobic development, the level of maximal lactate is likely to be higher than this assumed peak Aerobic value. For this reason, the assumption of where MVO2 will occur in terms of lactate concentration may be misleading. There is a need to be able to identify MVO2 without the use of respiratory equipment in competitive situations. Being able to achieve this is the first aim of this experiment. We have previously shown that at maximal effort, blood glucose also follows a time course response [17]. As the duration of effort gets longer from 45 seconds onwards, the blood glucose rises. It appears to peak between 8 and 16 minutes before then reducing again toward resting values and below. Although the effect of endurance work on blood glucose is well documented [6,18-20] the increase in blood glucose in this maximal effort situation is due to two elements:- the increased output by the liver and kidneys, and the inability of the working muscle fibres to take up the increased amount of circulating glucose in the blood [18]. The latter itself is a marker of an increase in the use of muscle glycogen and may also mark the recruitment of type 2a muscle fibres [21].



Previously we have challenged that the model of "3 energy systems” (creatine phosephate, anaerobic and aerobic) is in fact not detailed enough and can lead to miss-understanding of what is being classed as 'Aerobic" work [17]. By doing so, it can and does lead to inappropriate exercise prescription. By defining a new timeline for energy mechanisms to work to, that recognizes and includes the importance of the Malate Aspartate lactate shuttle, a better understanding of energy metabolism can be created. We proposed that it is possible to use the maximum lactate from an effort and predict at what level of blood lactate MVO2 occurred. We would use this to identify the point from which anaerobic capacity could be defined. Additionally, using the change in blood glucose, we proposed that it could be used to identify the amount of work that was met by aerobic glycolytic mechanisms. From the combination of these two, we could then define the different aerobic contributions along with the anaerobic contributions within a maximal effort.




Methods


 Subjects


Ten national or international-standard male swimmers participated in the study. The swimmers (age 20.6 ± 2.04 years; body mass 85 ± 4 Kg; % body fat 9.4 ± 0.01) all followed a similar program of training, involving 8-10 sessions of pool training per week. Training consisted of a mixture of low, moderate, and maximal intensity aerobic work, short sprints, and pool-based, stroke-specific drills and exercises. Weekly swimming training volume averaged 54 ± 19 km. All swimmers also carried out land-based resistance training, and flexibility work 3-5 times per week.




Experimental Design


The swimmers underwent the following protocol. A 200m swim at close to the maximum race pace was swum from a push start. During this swim, split times were taken at 50m, 100m and 150m. Following a 30-minute active and passive recovery, each swimmer then swam the split time for the 1st 50m of the 200m, then the 100m-split time, and finally the 150m split time. Each swim was broken with the 30-minute active and passive recovery period. Before each of the split swims, the recovery lactate had to be within 1 mmol/l of the initial resting lactate prior to the start of the 200 swim.




Data Collection


All swims were carried out in a 50m pool and water was at 27.5 0C throughout all experiments. Following the end of each swim, swimmers breathed through a respiratory mask and expired gas was collected for 2 minutes. During this period 25|il of blood was excised from the earlobe 1,3,5,7 and, if necessary, 9 minutes post swim, until a peak was reached in both blood lactate and blood glucose. Blood lactate and blood glucose were measured using a YSI 1500, (Yellow springs, OHIO, USA). Heart rate was also recorded immediately on completion of each swim using a polar vantage monitoring system (Polar,Electro Oy, Kempele, Finland) looking for the peak heart rate. Times were recorded in seconds to the nearest 10th of a second.



Calculation of MVO2 and the percentage contribution of the three components:



The model for the calculation of the three components: aerobic; glycolytic; and anaerobic contributions are as follows;



Lactate at MVO2 “a” = (0.4571* maximum lactate) + 3.3524	(1)



Now that we have the point at which MVO2 occurs, all work done above this point is therefore anaerobic by nature (either anaerobic glycolysis or CP-ATP derived). Anaerobic Contribution as a percentage was defined as:



((max lactate / ((0.4571 * max lactate) + 3.3524)) * 100) —100)	(2)


The calculation of aerobic glycolysis requires us to use the changes in blood glucose from post warm up, pre-maximum effort (not rest necessarily). The glycolytic contribution will be equal to the shift in glucose from the state prior to the maximum effort. Aerobic glycolysis was calculated as:



Glyc max “g” = 100 — ((max glucose / resting glucose))*100	(3)



The aerobic oxidative contribution is then assumed to be that which is not included in the degree of blood glucose change or that which contributes to the increase in blood lactate also. The aerobic percentage is therefore defined as:



Aerobic max = (100-(a + g))	(4)


Where the total = 100%.


With the calculated values, the aim was to construct a model that could be used to assess an athlete's mechanism contribution during maximal efforts. This tri-phasic model would be demonstrated through a triangle chart to demonstrate the direction of each components percentage contribution. To test out the accuracy of calculation of lactate at MVO2 we used the data from the maximal 200m swims. The values measured through the backward extrapolated MVO2 were then compared to the MVO2 Calculated from the maximal lactate.




Statistics



All values are given as mean ± SD. Regression tests studied the relationship between the measured and the predicted MVO2. A one-way ANOVA was used to analyse differences between contributions of the maximal 200m swim. 95% confidence limits were set. The AIS research ethics board approved this study. All participants provided both verbal and written confirmation of their consent to participate in the study. The study also adhered to the ethical standards of the Australian sports commission.




Results


Mean 200m swimming time and mean splits for each 50 are shown in Table 1: Mean splits and overall swim time. Mean MVO2  for the group was 3.94 ± 0.27 L/min. Mean maximal lactate at the end of the 200m swim was 13.92 ± 3.19 mmol/l. Mean lactate at MVO2 both measured and predicted are shown in Table 2: mean of the measured and predicted MVO2. The relationships between the measured and predicted values are also shown in Figure 1: Relationship between predicted and measured lactate at maximum oxygen uptake. There was no difference between the measured and predicted lactate and the regression equation showed good a good fit (r2 = 0.92 P= 0.30). 




Table 1: Mean & standard deviation for Mass, Time & Blood lactate, across the swimming events during competition (n=455).
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Figure 1:   Relationship between predicted and measured lactate at maximum oxygen uptake.




 




Table 2: Mean splits and overall swim time.

[image: ]








Using this predictability of lactate at MVO2, this was then used in the calculation of anaerobic contribution as detailed above. The relationship of the origin of energy and the maximal lactate and glucose readings during the maximal swim of the 10 swimmers are shown in Table 3. (Figure 2) The mean contribution values for this 200m swim were; aerobic 36.41 ± 15.19%, Glycolytic 22.07 ± 10.01% and anaerobic 41.52 ± 10.34%.



 

 
Figure 2: Mean percentage mechanisms used in a 200m time trial (N = 10). Table 3: Lactate, Glucose maximum values for each swimmer and the relative contribution of energy pathways (%). Individual variation of how the demand of maximally swimming the 200m can be seen. As a demonstration of how the profile can be displayed, three examples of how the profile individually differed are shown in Figure 3 is the desired profile for a 200m event. Figure 3: Examples of profiles for 3 different swimmers tested at the same time. When the individuals' profiles were compared to the optimal values predicted for the 200m swim in the mean time of 1 minute 57.76sec (SD ± 2.35 sec) only 3 swimmers had an R2 above 0.90. All other swimmers in the group reported RSQ below 0.26. The regression values are shown in Table 3.
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Figure 2:   Mean percentage mechanisms used in a 200m time trial (N = 10).




 




Table 3: Mean of the measured and predicted MVO2.
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Discussion



Swimmers in the same race do not necessarily meet the demands of that race in the same way. This will depend upon their individual level of "Fitness" and the relative effort made during the race. Blood lactates vary in maximal swims and the peak lactates reported here do not necessarily agree with those seen in other studies on swimmers [13,14]. What is evident is that lactate concentrations in the blood appear to peak in the 100 & 200m events (between 45 and 120 seconds in duration) and then the mean peak of lactate drops as the time taken to swim an event increases. Using the formula proposed, the production of a reliable measure of the lactate at MVO2 has been achieved. The mean predicted blood lactate at MVO2 of 9.61 mmol/l was above that originally suggested by previous authors [15,22-24]. This may still represent a sub-maximal exercise intensity in individuals capable of accumulating blood lactate concentrations of 15mmol/l or more.



Knowing the peak lactate does not allow us to suggest at which point the swimmer reached or passed MVO2. We wanted to be able to identify the blood lactate concentration at which MVO2 occurred, to be able to identify the anaerobic contribution to the overall balance of energy mechanisms during a maximal effort. That is, all energy produced above MVO2 must be anaerobic. This can fit with the definition provided by Green & Dawson [25] who suggested that in such events as the 800m run or 1000m cycle, to be able to recommend training appropriately it was important to accurately measure the anaerobic capacity as it was representative of the ATP resythesis through anaerobic metabolism in such short term maximal exercise. This time line also fits events such as the 100m and 200m swimming events used in this study. For this reason, we would suggest that the anaerobic work capacity is what has been measured by the protocol used in this study.



When the mean values of the group were considered, the anaerobic contribution for the 200m swims was 41%, which is slightly higher than that reported for males running 800m (39.7%)[26] [11]. The major difference of this study to previous studies looking at energy contribution [2,26], is that we split the aerobic capacity in to 2 elements, Aerobic and aerobic glycolytic. This gave a different understanding of how the aerobic metabolism was being met. Although the concept of aerobic oxidative metabolism (from fat and blood sugar) and aerobic glycolytic (from glycogen) is well documented, to our understanding, methods to split these two components has not been presented previously.




With training, plasma glucose clearance and oxidation are greatly reduced [25-29] and at intensities above 65% of MVO2, endurance training brings about little or no change in fat oxidation, although turn over does increase [30].



Further it has been noted that



a)	Glucose use is directly related to exercise intensity



b)	training decreases glucose flux for a given power output.



c)	when expressed as relative exercise intensity, training does not affect the magnitude of blood glucose use during exercise.



d)	Training alters the pathways of glucose disposal [29].



Although in relative terms blood glucose does not change, when absolute intensity changes, it does modify the blood glucose level by lowering it [32]. These are important for the identification of training improvements in athletes and represent the aerobic oxidation of plasma glucose element of the development of fitness. Hyperglycemia in trained subjects during intense exercise appears to be due to a lower rate of glucose utilization rather than a higher rate of glucose production [18] and would represent a demarcation line between aerobic oxidative metabolism and aerobic glycolytic (reliant upon muscle glycogen) metabolism. At higher intensities of exercise, glycogen stores in type 2a and to a greater extent in type 1 muscle fibres, both decrease [19]. Glycogen stores in type 2a and 2x fibres and type 1 fibres, were depleted significantly more slowly in the trained than in the untrained individual [33,34]. The importance of the glycolytic metabolism is increased when the activity of the Malate Aspartate Shuttle in aiding the retention of aerobic functionality as exercise increases above the point where readily understood mechanisms of lactate and pyruvate metabolism pre-vails [19]. The point at which blood glucose rises (the glucose turn point) [32] could be a demarcation point between the oxidative and glycolytic metabolism during intense exercise and fits with the model that we have proposed in other work [17]. Further, the limit of the aerobic glycolytic metabolism would be at MVO2.



Using the split of aerobic capacity in to the 2 elements of aerobic oxidative an aerobic glycolytic work, and knowing that we are in agreement with previous studies in regards to the anaerobic contribution, the split of the aerobic components becomes important to understand where differences in capability to meet aerobic demands may occur. Based on our previous work [11], where time line requirements are suggested, a model balance of pathway use was produced for the 200m swims based on the mean time for the swim of 1 minute 57.79 seconds ± 2.35 seconds. Only 3 swimmers showed responses that were within a reasonable chance of achieving the event requirements. The remainder of the group demonstrated profiles that were unlikely to meet the relative race requirements to be able to perform well over such a distance (timeline) should such a race be required at the time of testing [33,34].



The three profiles shown in Figure 3 demonstrate how different individuals met the same work demand. All three swam within 1 second of each other on the 200m swim (116.29, 116.88 & 117.29 sec) but the contribution showed almost no glycolytic contribution (swimmer 1), a predominantly aerobic contribution (swimmer 2) and a predominantly anaerobic balance (swimmer 7). All of these swimmers were in a relatively unfit state at the time of testing (swimmers had only completed 1 week of training after a 3 week lay off). These differences give a view that may be able to provide an insight as to why some athletes respond to a particular training program while others may struggle to cope with it. The relative differences in the aerobic components mark a large division in the load that would be created on each individual. A load intended to be at 85% of MVO2 would be met with equal balance from swimmer 2, could use too much anaerobic capacity by swimmer 7 but is likely to aerobically overload swimmer 1. This is critical information if failing adaptation is to be avoided. 
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Figure 3:   Examples of profiles for 3 different swimmers tested at the same time.





 
Conclusion


We have shown that the lactate at MVO2 can be predicted with a good reliability using a simple algorithm. This allows the identification of the anaerobic contribution during maximal swims which was similar to that obtained by previous authors using much more complex testing methods. Additionally, the redefining of the aerobic contribution into that which is oxidative and that which is glycolytic in basis for practical measurement was briefly justified and outlined. Having the ability to measure the distinction between these two components of aerobic metabolism to identify critical differences between individuals when swimming at the same relative intensity provides a mechanism to enhance training intensity observation, improve exercise prescription and training adherence. This method could provide important guidance in ensuring that the prescription of exercise is more individually specific.





Conclusion
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