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Abstract


Introduction: Different training models can produce the same outcome in competition. As the magnitude of change is dependent on the characteristics of the training programs, the duration of the intervention, and the gender, it is important to identify the training stimulus and how that relates to performance. The aim was to investigate the utility of a new model to describe training adaptions and outcomes.



Methods: 12 Swimming Australia Scholarship holders were followed over a 6-week initial training period. A range of sub maximal and maximal swims were used to assess their training state in week 0 week 3 and week 7. We used a novel tri-phasic model to monitor and assess athlete conditioning.



Results: Aerobic contribution increase between test 1 and 3 was 8.25% (±19.74%;). Glycolytic metabolism showed a reduction in contribution of -20.40% (±10.82%) that was significant (P = 0.04). Anaerobically, there was an overall gain of 12.15% (±11.70%; P = 0.01) Findings. We demonstrated how the use of a new model of metabolic capability may help to explain physiological changes made by the athlete in response to the coaches intended outcome. In particular, we observed that Malate Aspartate (MAS) has a far greater role to play in retaining the equilibrium within skeletal muscle that allows higher intensity of aerobic exercise to continue in less aerobically friendly conditions. 










Introduction



Performance at major championships requires good rates of improvement by the swimmer both during the year leading up to the meet, and during the competition itself [1]. An analysis of medal winners' times in both semi-finals and finals reveals that medalling requires a further improvement between semi and final also. To identify what the swimmer needs, and why it is needed, coaches seek to monitor training performance by a number of methods (heart rate, swimming speed, stroke rate, lactate). When, what, and duration of specific training, are also important elements of how the training program is put together. Measurement of training indices, however, even when used with multiple regression techniques, still do not appear to produce good markers of performance [2,3]. Different training models can produce the same outcome in competition [4] and, if a positive effect is to be maintained, the specificity of training requirements of international athletes needs to be retained in all training sessions at least 70% of the time [5]. As the magnitude of change is dependent on the characteristics of the training programs, the duration of the intervention, and the gender, [6] it is important to identify what stimulus is created by the training and how that relates to performance.



Physiological monitoring showed little relationship between the use of blood lactate testing and competition performance, [7] although monitoring in the final 4 weeks before a major competition could improve resilience of the training observation in relation to performance [8]. These changes, however, need to be relatively large [2,9]. Some researchers have suggested that training pace is a good marker of training intensity, [10] although later observers found that critical velocity was no different in the first and last week of a 14-week training program [11]. Swimmers appear to adhere closely to all aspects of training load, except intensity [12], which is not helped if coaches do not comply with scientific direction as the communication between the sport scientist and the coach is not forthcoming [13]. Wallace et al. [14] suggested that there were few practical methods available to evaluate training load during swimming, and showed that use of RPE heart-rate based methods were not consistent, and were generally a poor estimate of training load. Further, the training load identified by the coach and swimmer were not in agreement. Estimations of maximal heart rate also appear to be an imprecise guide to training pace in cycling and running, [15] however cardiac drift changes the heart rate power relationship significantly [16]. Although heart rate variability has been used in moderate fitness situations with some success [17], these authors also found it was very difficult to draw conclusions from this method in elite athletes [18].



Prescribing the intensity oftraining is somewhat problematic.13 Swim training is conducted using interval methods, which makes the attainment of steady state more difficult than in many other sports, and the use of lactate alone is seen as less than accurate [19]. The 3-way split of energy systems (aerobic, anaerobic and CPr-ATP) has been used by many authors and described in relation to athletic events [20]. We have previously described a need to view the function of the energy system split into 4 components rather than 3 [21]. Using this as the basis for generating a model of assessment, 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 define 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 finalize the total aerobic contribution within a maximal effort. This model has been tested rigorously and found to be reliable [22].



The aim of this study was to demonstrate the use of the triphasic model to monitor and assess athlete conditioning over a 6-week period and evaluate the utility of the new model to describe training adaptions and outcomes.




Methods



12 male members of the Australian Swimming Scholarship Holders volunteered to participate in this study. Participants (age 19.70+ 0.95, Mass 79.93 + 5.26). The swimmers had returned from a 3-week vacation and the experiment was carried out after they had completed 1 week of basic, mixed stroke, training. For all subjects, 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 ± 19km/week-1 over the six weeks. All swimmers also carried out land-based training between three and five times per week consisting of resistance training circuits, strength training and flexibility work. To monitor changes during the 6 week training phase, the model outlined above was used to calculate the relative percentage contribution of the energy pathways by individuals to the work load during specific testing in week 1, week 4 and week 7. The model for the calculation of the three components: aerobic; glycolytic; anaerobic is as follows:



Lactate was calculated as:



Lactate at MVO2 “a” = ((max lactate / ((0.4571* max lactate) + 3.3524)) *100)—100)



Aerobic glycolysis was calculated as:



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



Aerobic contribution therefore equalled:



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



Where the total = 100%.



The results of the above calculations were used to produce charts of individual and group responses to training as shown in Figure 1. 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. 
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Figure 1:  2 examples of individual responses to a maximal 200m swim. 











Experimental Design



Data was collected using a standardized swimming step test as outlined previously.22 Swimmers were tested at the same time of day on each of 3 occasions (week 0, week 3 and week 7). Resting blood was taken prior to beginning the step test to give baseline figures. On completion of each swim, the heart rate was immediately recorded using Polar heart rate monitor (Polar Electro OY, Kempele, Finland), and expired air collected for 30 seconds via Douglas bag and measured using a tissout tank, and analysers for Volume, Oxygen concentration, and Carbon Dioxide concentration. The swimming MVO2 was then calculated using backward extrapolation techniques. Blood lactate and glucose were both assessed 1 minute after the completion of the swim using capillary blood drawn from the ear lobe into heprinised capillary tubes, using a YSI 2300 Stat lactate analyser. Additionally, the time for the swim, the stroke count and the stroke rate were all collected for each swim by each swimmer. 




 

 
Results



There were nine parameters measured in each of the 7 swims on each of 3 occasions for each of the 12 swimmers. These results are summarised in Table 1. Swim Time. The percentage change in swim time between tests 1,2 & 3 are shown in Figure 2. Test 1 & 2 started at a similar pace (151.7 ± 7.3) sec vs 151.32 ± 4±.23sec) but test 2 finished faster (120.98 ±3.17sec vs 124.48 ±7.35sec) Test 3 started faster than test 1 & 2 (147 sec ± 9.46) but finished with a slower time to test 2 (121.13 ± 2.75 sec. vs 120.98 ± 3.17sec) and faster than test 1. When the mean time of 7 swims was taken, the time of swim were significantly faster between test 1 and test 2 (Mean difference 1.77 sec ± 1.25 sec; P = 0.04). There was a significant slowing of times between test 2 and test 3 (-1.32 sec ± 1,78 sec; P = 0.005), but there was no significant difference between test 1 and 3 (1.58 sec ± 1.75 sec; P = 0.39) 



Table 1: Average gains and losses between test 1 & 2, 2 & 3, and 1 & 3 for all parameters measured.
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Figure 2:  Percentage change in time over 3 swim tests (week 0,3 &7).





 




Lactate, Oxygen Uptake, Heart Rate & Glucose


The trend of Heart Rate (HR) Lactate (La) Glucose (Gu) and Oxygen uptake (VO2) are shown in Figure 3. Heart rate showed a 3.24% (±4.88%) overall rise in the 3 weeks between test 1 and test 2 but a 6.30% (± 4.55%) reduction in the 3 week period of training between the 2nd and 3rd test. Lactate showed a 1.61% (± 34.36%) rise between test 1 and 2 and a 17.22% (±19.67%) rise between test 2 and 3. The large SD in lactate was a function of the large changes seen between individual swim differences (plus and minus values). VO2 had the largest changes 39.13% (±5.99%) rise followed by a 17.48 (±9.74%) drop. Glucose had a 3.02% (±8.74%) rise between the first two tests followed by a 2.40% (±5.99%) rise between test 2 and 3. Overall mean changes between week 0 and week 6 were VO2 14.89% (±15.08%), heart rate -3.18% (±3.43%) lactate (14.90% (±31.14%) and glucose (-0.83% (± 8.95%) (Figure 3). 
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Figure 3:  Percentage change between test 1 & 2, test 2 & 3 and test 1 & 3, for VO2 (L/min), Heart rate (bpm), Lactate (mmol/l) & glucose (mmol/l).





 
For comparative purposes, the results from each test were split in half on a rough identity of "greater aerobic" and "greater anaerobic" contribution to the swim in each half of the test. Table 1 shows the overall differences (as a percentage of change) between each test and also shows the percentage changes in each half of the test for each of the monitored parameters. There were increases in heart rate (2.7% P<0.001), lactate (-32% P<0.001), glucose (-4.4% P<0.001), VO2 (27.9% P<0.001). RER was unchanged (P<0.5), as was stroke count (P<0.05) in the first 4 swims. Stroke rate and stroke index were reduced. In the last 3 swims, there was only an increase in VO2 (P =0.002), minimal change in heart rate and stroke count, but reductions in lactate, glucose, RER, stroke rate, and stroke index. RPE was equally reduced between test 1 and 2, for both the first 4 and last 3 swims.



Between test 2 and 3 (weeks 3 to 6) the first 4 swims showed reductions in heart rate and VO2 but increases in lactate, glucose, stroke rate and stroke count (P< 0.02). RER remained unchanged. RPE was reduced in the first 4 swims but only slightly reduced in the latter 3 swims. In these swims heart rate was further reduced but only moderately. VO2 was significantly reduced (P = 0.02), while stroke rate was reduced stroke index was relatively unchanged as was stroke count. Lactate, RER and glucose all increased. Overall between week 0 and week 6, mean changes showed a reduction in heart rate, lactate, glucose, and RPE. VO2 was Increased 13.4% in the last 3 swims (P = 0.04). RPE reduced nearly 12%; there was a reduction in stroke rate and stroke index (P = 0.02) but an increase in stroke count, significantly so in the lower intensity swims (P = 0.002). Although there were marked differences in the kilocalories used between test 1 and 2, there was only a significant difference between test 2 and test 3 (Table 2). The energy cost of the step test dropped between test 1 and 2. By test 3, there was little difference in the energy cost of test 1 and 3 Table 2.



Table 2: Comparison of kilocalories per minute use in tests 1, 2 & 3.
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Comparison of how the systems of energy energy generation were used (as defined above), are shown in Figure 4 and Table 3. Aerobic contribution grew more than 11.14% (±27.40%) between test 1 and 2 (P = 0.05) and then dropped between test 2 and 3 by 2.89% (±16.91%; p = 0.08). Overall change between test 1 and 3 was 8.25% (±19.74%). Glycolytic metabolism showed a reduction in contribution of 7.79% (± 24.37%) between test 1 and 2 and a further larger reduction in contribution between test 2 and 3 (12.61% ± 15.26%) neither of these were significant. The overall change from week 0 to week 6 was 20.40% (±10.82%) that was significant (P = 0.04). Anaerobically, there was a small reduction between test 1 and 2 (3.36% ± 16.70%) followed by a significant gain in anaerobic contribution (15.51% ± 7.66%; P = 0.001) leading to an overall gain of 12.15% (±11.70%; P = 0.01)
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Figure 4:  Changes in percentage energy contribution through 3 tests.





Table 3: Percentage contribution of each pathway.
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Discussion


This paper presented a new method of exercise intensity analysis that redefined the energy system model21 to look at the issue of monitoring training. This model splits aerobic function into 2 distinct parts, the purely aerobic (that uses fatty acids and circulating blood sugar supported by liver glycogenolysis) and an aerobic function that is based on a better understanding of the role played by the malate aspartate shuttle (MAS) which we termed aerobic glycolysis. MAS has a far greater role to play in retaining the equilibrium within skeletal muscle that allows higher intensity of aerobic exercise to continue in less aerobically friendly conditions [23]. One of the major observations of this study was that the changes that occurred during the step test could be defined by step, as well as an overall summary of the maximal intensity response. There was marked differences between responses to training at lower intensities than those at higher intensities. We feel that this greatly increases the ability to understand the training load placed on swimmers at any given time during a training session. This is distinctly different to the other variables measured in this and many other studies. Monitoring training load has proved difficult in swimming. Using heart rate, RPE, and distance have not produced effective results.14 The need for individualization and specialization of training with elite swimmers has been discussed previously [24]. By looking back at results and training diaries over 12 years, this group demonstrated that the design of the overload period and the taper periods required specific shaping if increased performance was to be achieved. The ability to achieve this design and monitor its effect while doing it has proven more difficult. Physiological predictors of swimming performance, particularly in adolescents has been shown to be less than reliable (45.8%) and less so than using stroke index (swim speed x stroke length).19 The present methodology makes use of the link between lactate & MAS.8 This allows the transfer of a proton from lactate to the inner mitochondrial membrane. By doing so, both pH balance can be retained and greater pyruvate can also enter the mitochondria while also regenerating NAD+.25 This produces a total of 4 ATP molecules (net of 6 ATP) by aerobically generated oxidative phosphorylation in skeletal muscle. With the addition of a pyruvate molecule being passed through to the mitochondria a further 5 NADH/FADH can be created (between 7 & 10 ATP). As such, this mechanism would sustain aerobic metabolism significantly, particularly when under aerobic stress. Indeed, the time line that would be produced by this smaller generation of ATP per unit of oxygen would probably sustain activity for approximately 20-30 mins, where 500g of glycogen was available in the skeletal muscles. The model is calculated through the inter-relationship of the blood lactate and blood glucose responses to the exercise intensity. 21, 26 Understanding how the MAS can control or be overloaded by the prescribed workload also gives us an opportunity to control training stimulus with far greater effect [23].



Although the relationship between submaximal heart rate and MVO2 do not share a good relationship^ 7 adjustments in heart rate are still viewed as indications of improvements in aerobic capacity and endurance performance,28 although there was a rise in heart rate at submaximal levels in the first 3 weeks with no change at maximal intensities. In the 2nd three weeks there was a noticeable drop in heart rate both at submaximal intensities (6.3%) and maximal (8.4%). It was this secondary response that led to the overall reduction in heart rate (3.4%) that is associated with an increase in aerobic capacity.10, 29 The change in heart rate represented approximately 40% of the change in aerobic capability seen in the model used.



Adaptations at cellular level are generally assumed to be due to adaptations in muscle citrate synthase, PFK, and all the other enzymes that mediate an increase in aerobic capacity at mitochondrial and cellular level.30 Such changes are not explained by the smaller changes in only the aerobic metabolism as presented here but will be present in the glycolytic changes observed. The changes seen in blood lactate over the 6 weeks are not singularly representative of the changes seen in the model. This should further help to explain why reliance on lactate per se is less reliable in predicting training outcomes in competition [19-30].




Conclusion


Understanding training load in training has proved difficult to define in most sports and particularly in swimming. We demonstrated how the use of a new model of metabolic capability may help to explain physiological changes made by the athlete in response to the coaches intended outcome. This model is easy to monitor, reliable and reproducible. As such it gives the coach and sport scientist a much greater insight to be able to identify the likelihood of success in performance. It does this by allowing the changes in metabolism to be tracked toward the event metabolic balance requirement. Not having this balance correctly trained means an athlete will not have the capability of achieving their full performance potential.




Practical Applications


The tri-phasic methodology is not limited to working with just swimming. It has been used with a range of sports including but not limited to, Rugby, Rowing, Boxing, Cycling, Triathlon and other field based games. It provides a better and easily accessible view of what and how the athlete is being loaded, and offers an insight of how to modify training to achieve optimum energy balance during competition.
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