	
	
	



	Independent Project (BMSS6007/C)
	Ross Morgan
	(205167)




 (
Ross Morgan
(205167)
)
 (
The 
influence of 
post a
ctivation Potentiation 
on
 Sprint Performance
 
in 
Academy 
youth football 
players
Independent Project BMSS6007/C
)


Table of Contents

Abstract	1
Introduction	2
Literature Review	5
Method	10
Results	14
Discussion	25
Practical Application	30
Limitations	31
Conclusion	31
Appendices	32
References	35


[bookmark: _Toc134009402]Abstract

[bookmark: _Int_jD4RePLE]Football is a sport that is a played all over the world by millions of people. A game of football consists of 90 minutes of low to high intensity actions such as walking, jogging, sprinting, tackling, and jumping (Bloomfield, Polman and O'Donoghue., 2007). Elite players are known to cover distances between 10-13km in a match (Rhodes et al., 2021). Although most of the distances covered are low intensity actions, it is the high intensity actions such as sprints, that tend to be the deciding factor in a game. With sprint distances of 10-30m, occurring on average every 90 seconds, maximising acceleration and speed is vital for success (Sporis et al., 2009). Post activation potentiation (PAP), which refers to the acute and temporary enhancement of muscle function, following a conditioning activity, has been used to enhance sprint performance (Tillin and Bishop., 2009). The purpose of this investigation was to determine whether PAP is an effective warm-up strategy in youth footballers. The objective of the current study is to evaluate the use of plyometric broad jumps and vertical jumps and a combination of both as a PAP warm up on sprint performance over 30m. The current study assessed 16 under 14 male Welsh league academy football players (age 13.8 ± 0.4, height 168.1 ± 5.8 and weight 57.7 ± 7.5), using a quantitative method. The intervention involved a repeated measures t-test, cross-over, randomised design, involving 4 groups, a control group warmup and 3 groups that used plyometric movements as a PAP warmup in addition to the control warm up. Participants in the three test groups performed either broad jumps (10m x 3), squat jumps (2 reps at 2 metre intervals for 10m x 3) or a combination of both (10m broad jumps, 10m squat jumps at 2 metre intervals x 3) as a PAP protocol. After each protocol, the participants were given 2 sprints to complete following 1 minute of passive rest, with sprint times recorded at 20 and 30 meters. A repeated measures t-test showed a significant difference (P<.05) between the control group and squat jump group for acceleration (P<.05, -0.703) and maximum velocity (P<.01, -0.401). There was also a significant difference between the control group and broad jump group for maximum velocity (P<.05, -0.254). All other variables showed no significant difference. The findings suggest that PAP does improve sprint performance in youth footballers. However, there were individual responses to each of the PAP protocols which either positively or negatively affected subsequent sprint performance, suggesting that PAP should be tailored to suit each individual. Factors such as exercise type, intensity, volume, rest time, training status, muscle strength and muscle fibre type, can alter the response to PAP. Therefore, athletes would need to be individually tested and monitored if PAP is to be effective for that individual at enhancing subsequent sprint performance. Future research for this demographic should include a measurement of weight to strength ratio, to determine if stronger individuals respond better to PAP. Also, a qualitative measurement could establish if there are placebo effects to PAP and performance outcomes.
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Football is a sport that is a played all over the world by millions of people. A game of football consists of 90 minutes of low to high intensity actions such as walking, jogging, sprinting, tackling, and jumping (Bloomfield, Polman and O'Donoghue., 2007). Elite players are known to cover distances of between 10-13km in a match (Rhodes et al., 2021).  Although most of the distance covered is by low intensity actions, it is the high intensity actions such as sprints, that tend to be the deciding factor in a game. With sprint distances of 15-30m, occurring on average every 90 seconds, maximising acceleration and speed is vital for success (Sporis et al., 2009). Over the years, football teams have utilised a variety of strength, conditioning, and nutritional strategies to improve sprint performance. One of the strategies used to enhance sprint performance on match day is the warmup (Gonzalez and Sanchez., 2018). Prior to the start of a match, a team warmup will usually consist of light to moderate intensity movements, with static and dynamic stretching and potentiation, specific to the sport. Although this can be effective for increasing core temperature, loosening muscles and joints and preventing injury, this may not be the most effective method of enhancing sprint performance (Kaplan, Erkmen and Taskin., 2009). 
Numerous studies have manipulated external loads as a conditioning activity to elicit a post activation potentiation (PAP) response and enhance sprint performance. A meta-analysis reviewing the PAP effects of heavy external loads, >80% of 1 repetition max (1RM) on sprint performance, found that heavy loads were consistent with improvements to sprint performances over the distances of 20,30 and 40m (Derenne., 2010). While this is positive, it would be un-practical to implement the use of heavy external loads in a sporting setting, that has limited time and equipment available prior to a match. Therefore, there is a need for an alternative stimulus that is practical and effective.
PAP refers to the acute and temporary enhancement of muscle function, following a conditioning activity (Tillin and Bishop., 2009).  This phenomenon has seen a rise in interest from sports such as football, that would benefit from improving their players’ physical abilities through potentiation. PAP is believed to enhance the body’s potential to generate muscle power via the stimulation of the neuromuscular system and skeletal muscle contraction. Research states that a prior conditioning activity, can prepare the neuromuscular system to respond more efficiently to the demand of the subsequent movement (Anthi, Dimitrios and Christos., 2014). This is evident in a process known as the phosphorylation of myosin regulatory light chain (RLC). Within this process the sarcoplasmic reticulum, which controls the concentration of calcium (CA2+) ions within the muscle, releases CA2+ which binds with calmodulin (Harrison et al., 2019). This initiates the myosin light chain kinase to bind with a phosphate and stimulate muscle contraction (Sari et al., 2022). PAP increases the responsiveness of the myosin and actin to CA2+, which increases the rate of cross bridge activity between the myosin and actin, thereby increasing the rate of muscle contraction and higher order motor units, typically the type II muscle fibres that are required to produce more force at a faster rate (D’Emanuele et al., 2021). As a result, greater muscle power and speed, is generated, which is associated with improved performance in team sports that involve high intensity actions such as football. Furthermore, Macintosh, Robillard and Tomaras (2012) state that phosphorylation of proteins is one method of the body storing short-term muscle memory.
For PAP to be effective, the level of PAP stimulated within the muscles must outweigh the level of fatigue caused by the conditioning activity. If fatigue is more dominant than the PAP, this can have a negative impact on performance (McGowan et al., 2015). Research has suggested that a 5-minute recovery is favourable for the effects of fatigue to fully subside and the positive effects of PAP to be most effective (Silva et al., 2018), although other studies have successfully used recovery durations of <60 seconds, 2 minutes, and 3 minutes to improve sprint performance using PAP (Guo et al., 2023). In addition, the effects of PAP, have been shown to stay present within the body for up to 15 minutes, after which the benefits of PAP are diminished (Bevan et al., 2010).
A study by Sharma et al. (2018) compared the use of plyometric exercises and external loading as a conditioning activity to elicit a PAP response and improve sprint performance. The study found, both methods were effective at stimulating a PAP response and improved sprint performance, however there was less fatigue present after the plyometric exercise. Plyometric movements require maximal contraction of large muscle groups to propel one's body mass off the ground, like the requirements of most sports, and the stretch shortening cycle of plyometric movements makes it more sport specific (Ghaith et al., 2021). In addition, Plyometric movements can be easily incorporated into warms ups, with little to no cost. However, despite the current research available, a meta-analysis suggested more research is needed to investigate plyometric movements that are not depth jumps or counter-movement jumps, as well as the level of intensity, repetitions, recovery periods and how they impact sprint performance (Jonas De Oliviera et al., 2017).
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Post Activation Potentiation
PAP is believed to cause acute temporary enhancement of muscle function following a conditioning exercise through a combination of peripheral and neural responses (Gepfert et al., 2020). The main response is the increased phosphorylation of the RLC, which increases the sensitivity of the myosin and actin, and therefore, the rate and force of muscle contraction (Mitchell and Sale, 2011). Another response is known as the H-reflex technique, which is used to assess muscle excitability, through an electromyographic measurement (EMG). Research states that higher H-reflex measurements are associated with an increased excitability of muscle contractions and recruitment of high order motor units (Requena et al., 2011). A review by Zero and Rice (2021) assessed the effects of PAP on H-reflex and found that PAP increased H-reflexes and resulted in an improved performance. Another response to consider is the pennation angle of muscle fibres, as an increase in muscle thickness and a decrease in pennation angle of muscle has been linked to faster sprint performance (Reardon., et al 2014).
Sprint Performance
A sprint can be categorised into three distinct phases, the initial acceleration, the build-up to maximal velocity and the maintenance of maximal velocity, with each phase having its own physiological and biomechanical demands (Alcaraz et al., 2018). Sprint performance is dependent on the body's ability to mechanically produce a high force into the ground and use the potential energy within the tendons and muscles to continue momentum and speed (Hermosilla-Palma et al., 2023). A sprint begins with an excitation of the proprioceptors within the muscle spindles, which stimulate the fast twitch (type II) muscle fibres and higher order motor units. This allows maximal contraction of large muscle groups such as the legs (quadriceps, hamstrings, and glutes), to explosively propel the body's centre of mass forward, especially in the initial acceleration phase. Research by Petrakis et al. (2020) states that the acceleration phase requires horizontal and vertical muscle activation, whilst the build-up and maintenance of maximal velocity phases require more vertical muscle activation, less ground contact time, and the reduction of braking forces.
Post Activation Potentiation and Plyometrics
Plyometric movements can be implemented into most warmup routines as there is no requirement for specialised equipment. An example of this is shown in a study by Tomlinson et al. (2020) that implemented 2 sets of weighted squat jumps following a standardised warm up routine for college track athletes. This was followed by 2 sprints to 30m with 3 minutes rest between sprints. The study saw no significant difference between the control and plyometric group. However, the average sprint times were faster by 0.07 seconds following the plyometric group. Comparable results were found in a study by Munshi et al. (2022) that implemented a plyometric warmup protocol with 5 sets of 10 vertical jumps, 2 sets of 15m broad jumps, one set of 30m single legged bounding and one set of 4 depth jumps from 40cm height with 15-30 seconds rest given between sets. This was followed by a 20m sprint after 4 and 12 minutes of passive rest. The results indicated no significance but improvements to sprint times were observed. However, the accuracy and reliability were questioned as the study used a stopwatch for recording sprint times. A study that used 10 mini hurdles (22cm in height and spaced 90cm apart) for 10 sets, assessed sprint performance over 60m. The authors found that the protocol enhanced the acceleration and maximum velocity stages of the sprint (Yoshimoto, Takai and Kanehisa., 2016).
Post Activation Potentiation and External Loading 
Several studies have assessed the effects of PAP exercises with external loading on sprint performance. An example of this is a study by Yetter and Moir (2008) that used heavy back squats and heavy front squats (>80% of 1RM) to elicit a PAP response and evaluate sprint performance over 0-10m, 20-30m and 30m-40m. The study concluded that there was no improvement to sprint performance over 0-30m but there was improvement to sprint performance over 30-40m. The authors suggested that the improvements to the latter stage of the sprint were due to the vertical plane of motion of the back squat as a conditioning exercise, which is linked to vertical muscle activation and the muscles associated with maximum velocity. A study using horizontal muscle activation compared the use of heavy vs light load (75% or 125% of body mass) sled pushes as a PAP exercise for improving sprint performance over 20m. The study found that the light load had improved 20m sprint times, following a passive rest of 15 seconds, 4 minutes, 8 minutes, and 12 minutes. However, there were no improvements following the heavier load (Seitz, Mina and Haff., 2017). This corresponds with a study by Zisi et al. (2022) which investigated the PAP effects of sled towing 57-73% of body mass on subsequent 30m sprint performance, with twelve female junior runners. The study found that participants increased their running velocity following the PAP exercise. A study by Fernandez-Galvan et al. (2022) compared the effects of 60% and 85% of 1 RM on a full squat and hip thrust to determine if there was an improvement to sprint force to velocity (F-V) profiles of 19 male youth tennis players, who had no resistance training experience. The study concluded that 60% of 1 RM improved the F-V profiles but 85% of 1 RM did not. This could be due to the participants being un-trained and experiencing muscle fatigue after performing heavy exercise. 
Post Activation Potentiation and Muscle Strength
Individual muscle strength is an influential factor to consider when using PAP, as research suggests that stronger individuals benefit more from PAP compared to weaker individuals (Gelen., 2010). A study that used both horizontal and vertical muscle activation as a PAP exercise was conducted by Lockie et al. (2016). The study evaluated the effects of double leg bounds and weighted squat jumps on sprint performance over 10-20m and found an improvement in all athletes. However, the study also found that the two physically stronger athletes made the biggest improvements, which suggests that individual muscle strength is a factor to consider. This links to a study by Seitz et al. (2016) that investigated the relationship between maximal strength, muscle size, myosin heavy chain isoform composition and PAP using a knee extensor exercise. The study concluded that PAP is strongly correlated to muscle strength and size, but mostly correlated to the percentage of type II muscle fibres found within the body. In conjunction with this notion, a study that compared a control group against a plyometric group performing 2 sets of 5 depth jumps, with 5 minutes rest before completing a 100m sprint, found that 7 out of 11 participants improved their sprint time, despite there being no significant difference. It was suggested that the 7 participants that made improvements, were physically stronger athletes, with a higher percentage of type II muscle fibres (Gil et al., 2019). As further confirmation of this, a study by Guerra et al. (2022) divided 22 football professionals into a higher or a lower physical fitness category. They found that PAP had more of an effect on the physically fitter group, who had better performance outcomes in the countermovement jump. Another recent study concluded the same outcome, after splitting 22 male American college footballers into stronger and weaker groups, based on their bodyweight and knee extensor torque (Nakata and Mishima, 2022).
Post Activation Potentiation and Fatigue
The balance between muscle activation and fatigue is essential, as they can coexists at the same time (Gossen and Sale, 2000). Therefore, if the volume is too much, fatigue can take over and nullify the effects of PAP on performance, even if there are equal levels of muscle activation and fatigue present. So, for PAP to be effective, the muscle activation must be greater than the level of fatigue. A study by Wittekind et al. (2012) compared the warmup effects of cycling at moderate (40%), heavy (80%) or severe (110%) levels of peak power output on a 30 second cycling sprint test. The authors found a reduction in the average power output following the severe warmup (5 minutes at 40% peak aerobic power, followed by 1 minute at 110%). They concluded that the increased lactate levels affected the participants’ starting power output, which overall negatively impacted performance. This suggests that the levels of fatigue present outweighed the PAP effect of the warmup. Interestingly, a study by Sharma et al. (2018) which compared plyometric movements vs heavy external loading (>90% of 1RM) found that both elevated the PAP of the lower limbs and improved sprint performance over 20m. However, plyometric movements showed lower levels of lactate build up, suggesting that there is less fatigue present. This could also indicate that there is less recovery time required following a plyometric exercise.
Post Activation Potentiation and Volume
Although the total volume of the conditioning activity plays a significant role in producing PAP, there appears to be no clear consensus on the most effective volume required to create a potentiated state. A study by Till and Cooke (2009) used 5 tuck jumps followed by sprints to 10m and 20m after a passive rest of either 4, 5 or 6 minutes. As there was no improvement to sprint performance, it was suggested that the volume was not enough to stimulate a PAP response. A similar outcome was seen in a study that compared whole body vibration running on a vibration platform at 0,30,40 and 50 Hz against 3 power cleans at 90% 1 RM. The study found that there was no significant improvement to sprint performance. Furthermore, it was suggested that the volume of both treatments should be increased to activate a PAP response, as well as making the conditioning activity more specific to sprinting (Guggenheimer et al., 2009). More confirmation regarding total volume was shown in a review of a meta-analysis which compared the effects of various PAP modalities. The review found that plyometric movements improved sprint performance by 2-5% but required more volume to be effective, however, the ideal volume was not clear (Ribeiro et al., 2021). Based on the results of these studies, if the volume is too low the potentiating effects of PAP are not triggered, and the performance enhancement is not obtained. 
Post Activation Potentiation and Recovery Time
The optimal time for recovery following a conditioning activity is uncertain. This is due to the many factors that influence a PAP response, such as muscle strength and the ratio of type II muscle fibres available to utilise potentiation, as well as the intensity, volume and type of the conditioning exercise (Martinez-Marti et al., 2021). However, there are studies which have tried to establish the optimal recovery period following a PAP exercise, an example being a study by Guo et al., (2023) that based elite sprinters on their relative strength and used a force platform to perform a static squat jump at baseline, 15 seconds, 3, 6, 9 and 12 minutes following 3 back squats at 90% of 1 RM. The results observed an improvement to vertical jump height and peak power at 3, 6 and 9 minutes, and again, the stronger participants induced a greater PAP response. This is like the results found in a study by Needham, Morse and Degens., (2009) that used 20 elite youth football players to assess the effects of different warm up protocols on sprint performance. The study compared 10 minutes of static stretching to dynamic stretching, and dynamic stretching plus 8 front squats with 20% of body mass added (DSR). This was followed by sprints to 10 and 20m, immediately, 3 minutes and 6 minutes after each protocol. The authors found better improvements to jump and sprint performance at 3 and 6 minutes after (DSR). A study that used a rest time of 10 minutes following a PAP protocol of 10 maximal hops and 1 depth jump for 8 sets, before completing a 30m sprint, found no improvement to sprint performance (Kummel., et al 2016). This corresponds to a statement by Macintosh, Robillard, and Tomaras (2012) that suggest PAP effects dissipate 4-6 minutes after the conditioning exercise, suggesting that PAP enhancement will be optimised with rest periods of less than 6 minutes. 
For PAP to be effective it must follow the goldilocks principle; too much volume and fatigue will take over, too little and there is no PAP response, therefore it needs to be exactly right. However, the literature suggests that a PAP response is highly individualised and factors such as muscle strength and fibre type can affect the outcome. Furthermore, the literature is conflicted regarding the optimal PAP exercise, dosage, and recovery period to elicit a PAP response and improve subsequent performance. Heavy external loading has shown to make improvements to sprint performance. However, it is not as practical and as sport specific as plyometric movements. Furthermore, plyometrics can elicit the same PAP response as heavy external loading but with less fatigue, meaning less recovery time is needed for plyometric movements. 
In a meta-analysis by Maloney, Turner, and Fletcher (2014) it was suggested that more research is needed to investigate plyometric movements that are not depth jumps or counter-movement jumps, the level of intensity, repetitions, and recovery periods and how they impact sprint performance. 
Therefore, the purpose of the current study is to determine whether PAP is an effective warm-up strategy in youth footballers.
The objective of the current study is to evaluate the use of plyometric broad jumps and vertical jumps and a combination of both as a PAP warm up on sprint performance. 
The hypothesis is that a combination of horizontal and vertical muscle actions such as the broad jump and vertical jump will imitate the distinct movements of a sprint. Therefore, the warmup including a combination of broad jumps and vertical jumps will elicit a greater PAP response and subsequently improve sprint performance.
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Participants
Sixteen male U14 Welsh League academy football players (aged 13.8 ± 0.4, height 168.1 ± 5.8 and weight 57.7 ± 7.5) volunteered to take part in the intervention at Llandarcy Academy of Sport, Neath. As the participants were under the age of 18 years old, parents/guardians were given verbal and written information (Appendix 1) regarding the purpose of the intervention and the associated risks in order to be able to give informed consent. For further safety of the participants, a physical activity readiness questionnaire (PAR-Q) (Appendix 2) was completed by the parents/guardians, to account for any medication and injuries that may prevent the participants from taking part. Ethical consent was gained from the University before conducting the investigation. To ensure anonymity, the participants names will not be disclosed, and all data will be stored on a password protected laptop (Dynabook, Satellite Pro, Germany), under password protected files. 
Research Design Overview
The current study used a repeated measures t-test, cross-over, randomised design. It involved 4 measures; a control measure and 3 measures that used plyometric movements as a warmup, to evaluate the PAP effects on sprint performance over 30m and different methods of eliciting a PAP response. Sprint times were recorded at 20 and 30 metres and participants were given 2 sprints to complete. Tests were performed twice a week prior to football training, within the football season.
Procedures
Participants performed 4 sessions over a 2-week period in a cross over, randomised, and counterbalanced order, using 3 potentiation protocols (squat jumps only, broad jumps only and a combination squat jumps and broad jumps) and the control protocol. The sessions were conducted at the same time of day in an outdoor environment. Participants were advised not to drink any caffeine on the day of testing and to avoid severe exercise 24 hours prior to testing. Participants’ diets were not amended as there was no way of controlling or monitoring their daily intake.
Post Activation Potentiation Protocol
The participants warmed up by performing 5 minutes of jogging with commanded actions (right hand down, left hand down, header, chest to the ground and change of direction), followed by 1 of the 4 protocols. After the PAP protocol and before the sprint testing, participants were given 60 seconds of passive rest. The 4 protocols were as follows.
Control group. No PAP intervention was given, participants performed the 5-minute warm up, followed by 60 seconds of passive rest, and then were assessed on their sprint times.
Broad jump group. Participants performed the 5-minute warm up, followed by 10-metre broad jumps, this was repeated 3 times. 60 seconds of passive rest was given and they were then assessed on their sprint times.
Squat jump group. Participants performed the 5-minute warm up, followed 2 squat jumps at 5 x 2 metre intervals, this was repeated 3 times. 60 seconds of passive rest was given and they were then assessed on their sprint times.
Broad jump and squat jump group. Participants performed the 5-minute warm up, followed by 10-metre broad jumps, straight into 2 squat jumps at 5 x 2 metre intervals, this was repeated 3 times. 60 seconds of passive rest was given and then they were assessed on their sprint times.

[image: ]
Figure 1. Intervention design
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Figure 2. Warmup designs

Sprint Protocol
2 x 30m sprints were performed with an in-between passive rest of 60 seconds. Sprint times were recorded at 20m and 30m using the Brower speed timing gates (Brower Timing System, Salt Lake City, Utah). Participants started with their lead foot on a starting line (0m) in an upright starting position. Participants were instructed to sprint after a verbal countdown from 3 seconds (3,2,1, go), the start button was manually pressed on the Brower handheld system by the intervention lead. 
Statistical Analysis
Data was recorded and organised using a Microsoft Excel (Version 22) sheet and converted into the mean of the 2 sprints for each protocol. The statistical package for social science (SPSS) version 22 (SPSS,Inc, Chicago, IL, USA) was used to identify significant differences, with an alpha value of 0.05 (coefficient of variance 95%). Normality of sample distribution was determined using a Levenes test (<.05).
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A Comparison Between Control Group and Post Activation Potentiation Groups
Control vs Squat Jump
The current study used 16 youth footballers to compare the effects of the PAP interventions against the control condition. Figure 1. shows the percentage differences between the control group and the squat jump group for acceleration, average velocity, and maximum velocity. The results show that the squat jump group were 4% more effective in the acceleration phase (0-10M) and 3% more effective in the maximum velocity phase (20-30m) of the sprint. However, the average velocity (10-20m) dropped by –2%.
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Figure 1. Percentage differences between control group vs squat jump group in acceleration from 0-10m, average velocity from 10-20m and maximum velocity between 20-30m.
Control vs Broad Jump
Figure 2. shows the percentage difference between the control group and the broad jump group for acceleration, average velocity, and maximum velocity. The results show that there was no difference in the acceleration and average velocity. However, the maximum velocity increased by 3% in the broad jump group.
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Figure 2. Percentage differences between control group vs broad jump group in acceleration from 0-10m, average velocity from 10-20m and maximum velocity between 20-30m.
Control vs Broad jump and Squat jump
Figure 3. shows the percentage difference between the control group and a combination of the squat jump and broad jump group for acceleration, average velocity, and maximum velocity. The results show that the squat jump and broad jump group were 1.8% more effective in the acceleration phase. However, the average and maximum velocity showed no difference. 
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Figure 3. Percentage differences between control group vs squat jump and broad jump group in acceleration from 0-10m, average velocity from 10-20m and maximum velocity between 20-30m.
Mean and Standard Deviations
Acceleration
Figure 4. shows the mean and standard deviation between all intervention groups on acceleration. The squat jump group covered 2.75 ms-2 which was the highest value, followed by 2.70 ms-2 for the broad jump group and 2.69 ms-2 for the combination of broad jump and squat jump group. The control group showed the lowest value of 2.66 ms-2. 
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Figure 4. A mean and standard deviation comparison of initial velocity (0-10m) between the control group, broad jump group, squat jump group and a combination of the broad jump and squat jump group.
Average Velocity
Figure 5. shows the mean and standard deviation between all intervention groups on average velocity. The control group covered 4.58 m/s which was the highest value, followed by 4.55 m/s for the combination of broad jump and squat jump group and 4.49 m/s for the broad jump group. The squat jump group showed the lowest value of 4.47 m/s.

Figure 5. A mean and standard deviation comparison of average velocity (10-20m) between the control group, broad jump group, squat jump group and a combination of the broad jump and squat jump group.
Maximum Velocity 
Figure 6. shows the mean and standard deviation between all intervention groups on the maximum velocity. The squat jump group showed the highest value of 6.85 m/s, followed by 6.71 m/s for the broad jump group and 6.63 m/s for the control group. The combination of broad jump and squat jump group showed the lowest value of 6.60 m/s.

Figure 6. A mean and standard deviation comparison of the maximum velocity (20-30m) between the control group, broad jump group, squat jump group and a combination of the broad jump and squat jump group.
Individual Responses to Post Activation Potentiation
Acceleration
Figure 7. shows the individual PAP responses of the broad jump warmup on acceleration (0-10m). 7 of the 16 participants showed a 1-9% improvement in acceleration. 5 participants showed no change and 4 participants responded negatively, with acceleration falling by 1-3%. 

Figure 7. Individual PAP responses from the broad jump warmup, on acceleration (0-10m).

Figure 8. shows the individual PAP responses of the squat jump warmup on acceleration. 11 participants showed a 1-13% improvement in acceleration. 4 participants showed no change. 1 participant responded negatively, with acceleration falling by 2%. 

Figure 8. Individual PAP responses from the squat jump warmup, on acceleration (0-10m).
Figure 9. shows the individual PAP responses of the broad jump and squat jump warm up, on acceleration. 9 participants showed a 1-10% improvement in acceleration. 1 participant showed no change and 6 participants responded negatively, with acceleration falling by 1-6%.

Figure 9. Individual PAP responses from the broad jump and squat jump warmup, on acceleration (0-10m).
Average Velocity
Figure 10. shows the individual PAP responses of the broad jump warmup on average velocity (10-20m). 10 participants showed a 1-7% improvement in average velocity. 3 participants showed no change and 4 participants responded negatively, with the average velocity falling by 1%.

Figure 10. Individual PAP responses from the broad jump warmup, on average velocity (10-20m).
Figure 11. shows the individual PAP responses of the squat jump warmup on average velocity. 13 participants showed a 1-9% improvement in average velocity. 1 participant showed no change and 2 participants responded negatively, with the average velocity falling by 1-2%.

Figure 11. Individual PAP responses from the squat jump warmup, on average velocity (10-20m).
Figure 12. shows the individual PAP responses of the broad jump and squat jump warmup on average velocity. 6 participants showed a 1-4% improvement in average velocity. 4 participants showed no change and 6 participants responded negatively, with the average velocity falling by 1-4%.

Figure 12. Individual PAP responses from the broad jump and squat jump warmup, on average velocity (10-20m).
Maximum Velocity 
Figure 13. shows the individual responses of the broad jump warmup on maximum velocity (20-30m). 8 participants showed a 1-22% improvement in maximum velocity. 2 participants showed no change and 6 participants responded negatively, with the maximum velocity falling by 1-8%.

Figure 13. Individual PAP responses from the broad jump warmup, on maximum velocity (20m-30m).
Figure 14. shows the individual PAP responses of the squat jump warmup on maximum velocity. 8 participants showed a 1-8% improvement in maximum velocity. 2 participants showed no change and 5 participants responded negatively, with the maximum velocity falling by 1-5%.

Figure 14. Individual PAP responses from the squat jump warmup, on maximum velocity (20m-30m).
Figure 15. shows the individual responses of the broad jump and squat jump warmup, on maximum velocity. 5 participants showed a 2-15% improvement in maximum velocity. 3 participants showed no change and 8 participants responded negatively, with the maximum velocity falling by 1-17%.

Figure 15. Individual PAP responses from the broad jump and squat jump warmup, on maximum velocity (20m-30m).
Statistical Analysis
[bookmark: _Int_BUNiwTdr][bookmark: _Int_VhvMQxva][bookmark: _Int_0mEZYg5e][bookmark: _Int_L38dR8rC][bookmark: _Int_QRK9kqvV][bookmark: _Int_2WyuMIgN]As shown in table 1. a paired t-test of acceleration outcomes shows the following results. The control group vs the broad jump group resulted in a mean and standard deviation of (2.8 ± .19 v 2.87 ± .17), with no significant difference between the groups (t(15)=-1.742, .102) and an effect size of (-0.435). However, a paired t-test comparing the control group vs the squat jump group, did show a significant difference in acceleration (P<.05), (t(15)=-2.812, .013), with an effect size of (-0.703) and mean and standard deviation of (2.8 ± .19 v 2.91 ± .18). The control group vs the broad jump and squat jump group showed a mean and standard deviation of (2.8 ± .19 v 2.85 ± .16) with no significant difference between the groups (t(15)=-.852, .407) and an effect size of (-0.213). 
Table 1. Statistical data comparing the PAP interventions (broad jump, squat jump, broad jump, and squat jump) against the control group on acceleration to 10m in youth footballers.
[image: ]* Indicates a significant difference (P<.05) between the control group and the squat jump group.
[bookmark: _Int_5bAkyyoF][bookmark: _Int_Teo19THa][bookmark: _Int_80vR3fhq][bookmark: _Int_UROl3klQ][bookmark: _Int_sxNmFjhJ][bookmark: _Int_2mMSHALv]As shown in table 2. a paired t-test of average velocity outcomes shows the following results. The control group vs the broad jump group showed no significant difference in average velocity (t(15)=-1.018, .325), with an effect size of (0.626) and a mean and standard deviation of (4.9 ± .34 v 4.9 ± .32). The control group vs the squat jump group showed no significant difference in average velocity (t(15)=-1.602, .130), with an effect size of (0.89) and a mean and standard deviation of (4.9 ± .34 v 4.8 ± .33). The control vs the squat jump and broad jump group showed no significant difference in average velocity (t(15)=.336, .742), with a mean and standard deviation of (4.9 ± .34 v 4.9 ± .30) and effect size of (0.084).
Table 2. Statistical data comparing the PAP interventions (broad jump, squat jump, broad jump, and squat jump) against the control group on average velocity between 10-20m in youth footballers.
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[bookmark: _Int_7pXv02fM][bookmark: _Int_g8nzM35d][bookmark: _Int_aktIrNjS][bookmark: _Int_jYstwaW4][bookmark: _Int_UP5y99qt][bookmark: _Int_wA5vth27]As shown in table 3. a paired t-test of maximum velocity outcomes show the following results. The control group vs the broad jump group showed a significant difference in maximum velocity (t(15)=2.502, .012), with an effect size of (-0.254) and a mean and standard deviation of (6.7 ± 1.0 v 6.9 ± 1.02). The control vs squat jump group also showed a significant difference in maximum velocity (t(15)=3.561, .001), with an effect size of (-0.401) and a mean and standard deviation of (6.7 ± 1.0 v 6.9 ± 1.11). The control group vs the squat jump and broad jump group showed no significant difference (t(15)=.220, .829), with an effect size of (0.055) and a mean and standard deviation of (6.7 ± 1.0 v 6.7 ± .99).
Table 3. Statistical data comparing the PAP interventions (broad jump, squat jump, broad jump, and squat jump) against the control group on maximum velocity between 20-30m in youth footballers. There are no significant differences between the control group and intervention groups.
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The aim of the current study was to evaluate the effectiveness of plyometric movements as a PAP warmup, for the purpose of enhancing subsequent sprint performance over 30m. The hypothesis of the current study indicated that, the combination of horizontal and vertical muscle actions of the broad jump and squat jump group, would promote a greater PAP response for improving sprint performance, as the movements were more specific to sprinting. However, the results of the current study did not correspond to the hypothesis. Instead, the broad jump and squat jump group had the least PAP effect on sprint performance, showing no significant difference to acceleration, average velocity, and maximum velocity, when compared to the control protocol. However, there was a slight improvement of 1.8% in acceleration. 
Squat jump
The most significant finding came from the squat jump group, which showed to be the greatest at improving sprint acceleration (P<.05, -0.703) and maximum velocity (P<.01, -0.401). In comparison to the control group, the squat jump group showed an improvement of 4% to acceleration and 3% to maximum velocity. However, a reduction of –2% was shown for the average velocity, suggesting that the sprint started fast, slowed down towards the middle, and sped up towards the end. This slightly differs to the findings found in a study by Yetter and Moir (2008), that used heavy back squats to elicit a PAP response and improve sprint performance over 40m. The Authors found that there was no change to performance over 30m but did see an improvement from 30-40m. This difference to the current study, could be due to the exercise selected as a conditioning exercise to potentiate the working muscles. As heavy back squats induce more fatigue than plyometric movements, this could have affected the acceleration and maintenance phase of the sprint and required more rest time. This notion would correspond to a study by Sharma et al. (2018) that compared heavy external loading to plyometrics on sprint performance over 20m. The study stated that both improved sprint performance, however there were higher levels of lactate found when heavy external loading was used as a conditioning exercise. In contrast to fatigue being present and affecting the results of the sprint performance, the study by Tomlinson et al. (2020) showed a small improvement of 0.07 seconds to sprint times over 30m, using just 2 sets of weighted squat jumps. This could suggest that more volume would create a greater a PAP response and therefore a more significant result, as shown in the current study, demonstrating the fine balance between exercise selection, volume and rest time.
When considering the squat jump warm up design, the low reps and the sections of jogging between each set of squat jumps, may have helped to minimise the build-up of fatigue and could explain why this warmup protocol was the most effective for developing a PAP response, and improving acceleration and maximum velocity for this demographic.
Broad Jump
Of interest, the broad jump group showed a significant difference (P<.05, -0.254) to maximum velocity, with an improvement of 3% over the control group. This contradicts the research study by Petrakis et al. (2020), that suggests maximum velocity is associated with vertical muscle actions such as a squat. However, as the broad jump consists of both horizontal and vertical muscle actions, this could have potentiated the vertical muscles associated with maximum velocity, and therefore explain the improvement to the latter stage of the sprint shown in the current study. This would correspond with the study by Yoshimoto, Takai, and Kanehisa (2016) that used mini hurdles as PAP exercise. The similar vertical and horizontal actions of this study also saw improvements to maximum velocity, although this was over a further distance of 60m.
Curiously, the broad jump group showed very slight improvements to acceleration (0.1%) and average velocity (0.02%). One explanation for the lack of improvement in these phases of the sprint, could be the short rest time given in the current study (60 seconds) and the physical demand of broad jumps as a conditioning exercise. Therefore, it would be of interest to see the results following a longer rest time. Which could possibly minimise any effects of muscle fatigue and maximise the potentiating effects of broad jumps throughout each phase of the sprint.
Broad jump and squat jump
As the broad jump and squat jump group showed no significant differences in acceleration, average velocity and maximum velocity, it goes against the view of a meta-analysis that stated more volume is required for plyometric movements to induce muscle potentiation and improve subsequent performance (Ribeiro et al., 2021). This also conflicts with the results of a study by Lockie et al. (2016) which found improvements in sprint performance between 10-20m for all trained athletes using double leg bounds and weighted squat jumps as a PAP conditioning exercise. The results of the current study are likely due to the participants being inexperienced in plyometric training. This could indicate that the volume was too high for untrained athletes, causing fatigue and impairing sprint performance. This would correspond to the study by Munshi et al. (2022) which used a high volume of plyometric movements followed by a 20m sprint. The study found no significant difference in sprint performance when compared to a control group, with the authors stating that the volume was too high and therefore fatigue outweighed potentiation. This further relates to the study by Wittekind et al. (2012) which found higher levels of lactate following a severe warmup, with the higher levels of lactate, subsequently reducing performance. What is more, the studies by Guerra et al. (2022) and Nakata and Mishima (2022) both found that the stronger athletes were more sensitive to PAP, as they were more resistant to fatigue and therefore PAP was beneficial at improving subsequent performance for the stronger athletes. Interestingly, the study by Till and Cooke (2009) suggested that the volume selected in their study was not enough to cause potentiation within the muscles. Based on these findings and that of the current study, there is a fine balance between too little and too much volume for PAP to be effective at improving subsequent performance. Additionally, PAP is more effective for athletes who have been exposed to training previously, unlike the youth footballers within the current study.
Furthermore, the non-significant difference in the current study of the broad jump and squat jump group, could be due to the lack of sufficient rest time (60 seconds), following the conditioning exercise. This links to the study by Guo et al. (2023), which found improvements to the vertical jump following 3, 6 and 9 minutes of rest after the conditioning activity. Similarly, Needham, Morse and Degens (2009) found improvements to jump and sprint performance with 3 and 6 minutes of rest following the conditioning activity. However, if too much rest is given following the conditioning activity, the PAP is not effective, as shown in the study by Macintosh, Robillard, and Tomaras (2012), in which the authors stated that 10 minutes of rest following the conditioning activity was too long and therefore any potentiation within the muscles had been lost. As a result, there were no significant improvements to sprint performance. This suggests that the ideal window of opportunity for PAP to be effective is between 3 to 9 minutes of rest. In the case of this current study, the squat jump and broad jump warmup design, could have benefited from less volume or more rest time.

Individual Responses to Post Activation Potentiation
The results of the current study show that for each PAP intervention, there are individual PAP responses with some participants responding better than others. This highly correlates to several studies that have found related results. The study by Gil et al. (2019) found that depth jumps improved performance outcomes for only for 7 of the 11 participants. It was highlighted that the physically stronger participants made the improvements following the PAP exercise, and was due to the participants having a higher percentage of type II muscle fibres. This corresponds to the study by Seitz et al. (2016) which suggests muscle strength, size and ratio of type II muscle fibres are the most principal factor for PAP. It is the type II muscle fibres which are responsible for explosive muscle contraction, that are associated with sprint performance. Although there was no measure of strength and muscle fibre type in the present study, this could explain the variability of the individual responses to each of the PAP interventions. Furthermore, the participants in the current study were young adults who differed in weight and size, with some observably looking more physically mature than others. Based on observation and the large differences in weight and height of the participants, there were clear differences in muscle size and strength and potentially muscle fibre type ratios. Based on the results of this current study and others, these differences had an adverse effect on the results of the current study.
Furthermore, the research suggests that un-trained individuals are more sensitive to fatigue following a heavy or high-volume PAP exercise. For example, Fernandez-Galvan et al. (2022) found that youth tennis players responded better to lighter loads, which is supported by other studies such as Zisi et al. (2022) which found lighter sled tows to be more effective for junior runners, as well as Seitz, Mina and Haff (2017) who found lighter sled pushes more effective over heavier sled pushes. This further confirms the importance of exercise selection, intensity and volume for creating a PAP response in youth athletes and avoiding the build-up of fatigue and reduction in performance. As shown in the current study, the higher volume of the broad jump and squat jump group, saw a higher individual negative percentage loss in sprint performances for acceleration, average velocity and maximum velocity, when compared to all other protocols.

[bookmark: _Toc134009408]Practical Application

[bookmark: _Int_4Pm4dF04]As research for PAP can be conflicting, there is still uncertainty surrounding the practical use of PAP. However, there are re-occurring themes throughout the current study and research that may be of use to coaches and athletes a like. Research suggests that stronger athletes with a higher ratio of type II muscle fibres can respond better to PAP exercises and as result improve subsequent performance. Therefore, it may be beneficial for coaches and athletes to work on strength and ballistic movements that require more fast twitch type II muscle fibres before implementing the use of PAP for performance benefits. That said PAP is highly individualised and conditions such as training status, exercise type, volume, intensity, and rest time, can alter the effectiveness of PAP for each individual. This would mean that athletes will need to be tested and monitored continuously to ensure PAP is specific and still benefits the individual. Although this may be possible for solo athletes, for most teams this would be complicated and impractical. Furthermore, the variability of exercise selection for inducing PAP, can confuse the situation further. Exercises that use heavy loads and higher volumes require more rest time than exercises that use lighter loads and lower volume. The use of heavy loads may be costly and impractical in comparison to lighter loads such as plyometric movements, that require little to no equipment or cost. Of note in this current study, incorporating plyometric squat jumps into a youth football team warmup, could improve acceleration and maximum velocity, which could give a performance edge over the opposition. Furthermore, youth and un-trained athletes have been shown to elicit more of a PAP response to lighter loads, as it minimises the build-up of fatigue which can negatively impact performance. Dependent on the choice of exercise, the ideal rest time following the conditioning activity is between 3 to 9 minutes, which in some cases may be too long of a rest to implement into a practical setting. However, this again is highly individualised. Coaches and athletes should be aware that if the subsequent activity is performed before fatigue subsides, this may impair performance and compromise results. If performed too late, any benefit of muscle potentiation is lost.

[bookmark: _Toc134009409]Limitations

There are several limitations to the current study. The lack of research available on how PAP affects youth footballers, makes it difficult to compare the findings of the current study and relate this to the wider population. Also, the small sample size and duration could impact the reliability and validity of the results. The current study results were based solely on quantitative data. The use of a manual countdown to commence the start of the sprints, leaves room for human error. Furthermore, from observations of the participants in this age group, there are differences in body composition. As stated throughout the current study and wider research, stronger participants are more sensitive to PAP than weaker participants. Based on these limitations, future research should consider using a measure of strength to weight ratio, to account for the differences in body composition, as well as increasing the sample size and duration of the study. To avoid human error, future research should use reliable technology to ensure that sprint times are more accurate. What is more, qualitative data would help establish if there are placebo effects to PAP that may be beneficial to performance.

[bookmark: _Toc134009410]Conclusion

In summary, PAP can improve sprint performance in youth football players but there is not an optimal training prescription to suit all athletes. PAP is highly individualised and has many variables that impact the outcome of subsequent performance. For PAP to be effective, athletes will need to be tested and monitored individually, to determine the optimal method of inducing a PAP response for that person. Lastly, the PAP exercise should be given the appropriate rest time to utilise the potentiation and allow any fatigue to subside before performing the subsequent action.
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APPENDIX 1: PAR-Q[image: ]
APEENDIX 2: INFORMED CONSENT

Research Project Invitation and Information Sheet
You have been invited to participant in a research project. Before deciding to participate in the study, it is important that you understand why the research is being conducted and what will be required of you during your involvement in the study. 
Please take time to read the information provided carefully, if there is anything you are unsure of, please use the contact details provided below and I will respond to you promptly.
The Aims and Objectives
The Purpose of this study is to determine whether post activation potentiation (PAP) is an effective warm-up strategy in youth footballers.
The objective of the study is to evaluate the use of plyometric broad jumps and vertical jumps and a combination of both as a PAP warm up on sprint performance.
Study Design
The study will be conducted over 4 consecutive football training sessions, as agreed by Briton Ferry Football Club. Over the 4 sessions, each participant will perform each of the following warm up protocols:
Protocol 1: Participants will perform a standardised 5-minute warm up, followed by 60 seconds of passive rest, a 30-metre sprint, another 60 second rest and a 30-metre sprint.
Protocol 2: Participants will perform the standardised 5-minute warm up, followed by 10-metre broad jumps, repeated 3 times, followed by 60 seconds of passive rest, a 30-metre sprint, another 60 second rest and a 30-metre sprint.
Protocol 3: Participants will perform the standardised 5-minute warm up, followed 2 squat jumps at 5 x 2 metre intervals, repeated 3 times, followed by 60 seconds of passive rest, a 30-metre sprint, another 60 second rest and a 30-metre sprint.
Protocol 4: Participants will perform the standardised 5-minute warm up, followed by 10-metre broad jumps, straight into 2 squat jumps at 5 x 2-metre intervals, repeated 3 times, followed by 60 seconds of passive rest, a 30-metre sprint, another 60 second rest and a 30-metre sprint.
General Information and Requirements
Physical activity can have its disadvantages and risks. During this research project participants may be at risk of injury, falls, muscular discomfort or strains from the warmups or sprints. If there are any issues or concerns during the project, the research lead will be available to assist and advise. If you feel the need to make a formal complaint, you are free to contact the Chair of the UCL Research Ethics Committee. All participants have the right to withdraw from the research project at any time. To ensure the safety of the participants, the informed consent and physical activity readiness questionnaire (PAR Q) must be completed by a parent/ guardian as the participants are under the age of 18.
All Collected information will be kept confidential and stored securely. Participants will not be personally identified in any publications or reports. Once the study has concluded all personal information and data will be destroyed.
If there are any questions or you would like further information, please contact me via email: 2005167@student.uwtsd.ac.uk 
I will provide you with a copy of this signed information sheet to keep for your personal use.
Thank you for taking time to read this and choosing to take part in this research project.
Ross Morgan (BSc Sport Science student)
Informed Consent
Having read the information provided above, I                                                               have been informed about the purpose of the research project, its design, disadvantages and risks that may occur. I understand that I have the right to withdraw from this research project at any given time, without consequences or negative effects to myself. I am aware that my personal details will remain anonymous, and I can confirm that I have had the opportunity to ask questions about the research project.
I consent voluntarily to be a participant in this study.

Participant Name: 

Participant Signature:
 
Date:
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