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Abstract 
 

Introduction: In 800 m and 1,500 m freestyle swimming an end-spurt has been 

observed, despite the more energetically optimal strategy being an even pace, 

particularly when moving a body through water. Even minor changes in speed are 

critical as they significantly impact energy expenditure. The ultimate goal of a 

competitive swimmer is to achieve completion of the race distance in the shortest 

possible time and beat all other competitors. The observation of end-spurt behaviour 

and the contradicting theoretical necessity determined the three main aims of this 

thesis: i) to develop an End-Spurt Indicator (ESI) to quantify and analyse end-spurt 

behaviour; ii) to analyse its relationship to finishing position and finishing times; and iii) 

to investigate the effects of an end-spurt compared to an energetically optimized 

pacing pattern and a race against a performance-matched opponent including its 

physiological underpinnings. 

 

Method: i) To analyse the influence of distance, time point of competition, round and 

finishing position on end-spurt behaviour in 800 m and 1,500 m freestyle swimming 

from the last eight World Championships and five Olympic Games (1998–2016; 

including 1,433 races and 528 swimmers). The end-spurt for each race was 

determined by means of an ESI. Subsequently, ESI was used as a dependent variable 

and influences were analysed using a linear mixed model with fixed effects for 

distance, time point of competition, round and finishing position. ii) To analyse the 

association of seasonal best time, distance, and different performance levels with end-

spurt behaviour in 800 m and 1,500 m pool freestyle swimming in the season 

2018/2019 (including 14,930 races and 2,650 swimmers). This time ESI was used as 

a dependent variable and influences were analysed using a linear mixed model with 

fixed effects for seasonal best time, distance, and performance level amongst others. 

iii) To investigate the effect of forced even pacing through virtual pacing assistance and 

an opponent in a competitive setting on end-spurt behaviour in freestyle swimmers 

(including related physiological underpinnings), 27 competitive swimmers and 

triathletes were recruited and completed four 1,500 m freestyle trials: (i) familiarization 

time trial (FAM), (ii) self-paced time trial (STT), (iii) head-to-head competition time trial 

(CTT) and (iv) forced even pacing through virtual pacing assistance time trial (FET). 
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Eventually, 12 swimmers met the criteria for the CTT and FET to be included in the 

analysis. Changes in end-spurt behaviour, finishing time and physiological parameters 

(lactate, cortisol, noradrenaline, heart rate) were analysed using a linear mixed model 

with fixed effects for trials and a random effect for swimmer identity. A separate linear 

model was computed for competition outcome. 

 

Results: i) An end-spurt was evident in most swims for both race distances. The 

finishing position within a race significantly affected the ESI (P<.001). Specifically, 

when analysing finals only, ESI was significantly greater in medallists compared to non-

medallists (P<.001). ii) In 800 m and 1,500 m races swimmers showed a mean ESI of 

2.08 and 3.68, respectively. There was a significant association between seasonal best 

time and ESI, with a better seasonal best time showing a greater ESI (P<.001, f2=0.04). 

A significant effect on greater ESI was also observed for longer distance (P<.001, 

f2=0.06) and higher performance level (P<.001, f2=0.02). Elite swimmers had a mean 

ESI of 5.47, sub-elite swimmers of 3.74 and competitive swimmers of 2.41. iii) 

Swimmers demonstrated a significantly greater ESI in FET (+2,6; P<.001) and CTT 

(+1,4; P<.022) compared to STT. Blood lactate concentration in FET (P<.001) and CTT 

(P<.001) was significantly higher than in STT. Winners had a significantly greater ESI 

than losers in CTT (P<.005). 

 

Conclusion: The first study used a newly developed ESI demonstrating that 

particularly medallists have a more pronounced end-spurt compared to non-medallists. 

The second study showed that a more pronounced end-spurt is associated with 

seasonal best time in long-distance pool swimming, higher performance level of the 

swimmer and longer race distance. The third study provided evidence that swimmers 

utilized a greater end-spurt through metabolically optimal forced even pacing by virtual 

pacing assistance and in a head-to-head competition due to a larger mobilization of 

anaerobic reserves as indicated by greater blood lactate concentrations. Winners had 

a significantly greater end-spurt than losers, despite similar metabolic disturbances. To 

summarize, swimmers use an end-spurt to a greater extent, when racing against a 

performance-matched competitor. Medallists and winners show a more pronounced 

end-spurt due to a larger mobilization of anaerobic reserve, as indicated by higher 
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blood lactate concentrations. For future research, the sample size should be increased, 

and the data collection of psychological aspects is warrant. 
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1 Introduction 

1.1 Pacing 
 

Pacing in sport is crucial for achieving the desired outcome, whether that be 

reaching the finish line in the shortest amount of time or ahead of the competition. 

Regardless of the sport, athletes must maintain homeostasis to avoid catastrophic 

biological failure and premature fatigue, making pacing an essential skill for high-

performance athletes (Abbiss and Laursen 2008). Developing successful pacing 

behaviour involves considering various factors such as the sport, environment, 

equipment, and the athlete's physiological and psychological characteristics (Foster et 

al. 1994). It is widely accepted that the brain plays a crucial role in processing and 

evaluating internal and external information to establish, maintain and adapt pacing 

behaviour during training and competition (Menting et al. 2022). The brain considers 

the remaining distance, current rate of energy consumption, energy reserves, and 

fatigue levels before determining the level of power output required to reach the finish 

line in the shortest possible time or outsprint an opponent (Smits et al. 2014). 

However, the brain's calculation can be fallible, and poor pacing strategies and 

behaviour can have severe consequences, such as significant performance 

deterioration in the decisive moments of a race, thereby deciding the colour of the 

medal or not even finishing the race (Foster et al. 1994). Pacing, despite its 

complexities, is an essential skill for any sport performance that can make the 

difference between success and failure, as well as the difference between a good and 

a great performance (Abbiss and Laursen 2008). Therefore, having a better 

understanding of pacing strategies to optimise performance is essential for athletic 

performance. Focusing solely on performance outcomes without delving into the 

details of how it was achieved is futile for future athletic development. Coaches and 

athletes should explore the most effective pacing strategies and monitor the athlete’s 

pacing behaviour to ensure that individual swimmers achieve their potential. 

The physiological aspects that underpin exercise performance have been extensively 

investigated in endurance sport (Stone et al. 2012). It is generally accepted that fatigue 

progressively develops during intense exercise, especially when near-maximal effort 

is exerted (Abbiss and Laursen 2008). Based on this theory, athletes should not be 
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able to accelerate towards the end of exercise due to fatigue being at its highest levels 

(Azevedo et al. 2021). Fatigue occurs when the neuromuscular axis is no longer able 

to effectively drive the locomotor muscles, impeding power output and performance. 

The suggested causes, for example, include a deficit in energy-providing adenosine 

triphosphate and phosphocreatine and the accumulation of metabolic waste products 

in the muscle (Azevedo et al. 2021). The aerobic energy system plays a vital role in 

longer races, reducing the reliance on the anaerobic system. Such models suggest 

that metabolites associated with muscle fatigue reach an individual critical threshold at 

exhaustion, implying that fatigue progressively develops over time (Amann 2011). This 

highlights the necessity for athletes to set an individually optimized pace from the start, 

which can be maintained to the end of the race avoiding a critical rate of fatigue 

development, as an all-out effort cannot be sustained over longer distances and 

durations. 

The relationship between time and power output has been well described in the 

concept of critical power (Jones 2017). It can be observed that the sustainable power 

output exponentially declines over time. Eventually, the power-duration curve begins 

to level off after roughly 20 minutes, which is termed critical power. It is a mesoscopic 

variable offering an integrative understanding skeletal muscle energetics, along with 

metabolic and cardiorespiratory reactions to exercise. Each physiological system 

receives efferent forward command from and provides afferent feedback to the central 

nervous system during exercise regulation. The cardiovascular system delivers oxygen 

to working muscles and removes waste products, while the respiratory system 

oxygenates the blood and exhales carbon dioxide. The muscular system produces 

force and maintains posture, and the metabolic system regulates energy supply. The 

central nervous systems integrate inputs from the different physiological systems to 

coordinate mechanical and metabolic responses. 

The central governor model by Noakes posits that the brain functions as a safe-guard 

mechanisms during exercise, regulating physiological systems in order to prevent 

catastrophic failure (Noakes 1997). It is proposed that the brain adjusts neuromuscular 

recruitment of locomotor muscles in self-paced exercise in response to afferent 

feedback from muscles and organs. The power output created by the muscles during 

exercise is continuously adjusted  to ensure the maintenance of homeostasis  (Noakes 

1997). Thus, exercise performance has been suggested to be regulated by a complex 
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anticipatory system in the subconscious brain considering various factors such as 

oxygen delivery, glucose concentration and metabolic accumulation as well as 

psychological factors. Noakes & St Clair Gibson suggested that these factors amongst 

others affect the pace the athlete sets in a race to prevent catastrophic deterioration in 

exercise performance (Noakes and St Clair Gibson 2004). However, the concept of a 

central governor controlling physiological responses during exercise has faced 

scepticism due to instances of physiological catastrophes in athletes, suggesting a 

potential override of this safe-guard mechanism (Esteve-Lanao et al. 2008). 

Additionally, it is understood that athletes have a subjective awareness of their 

resource allocation (perception of effort) when exercising, controlling muscle fatigue 

and protecting against catastrophic failure (Marcora 2008). It is understood that the 

relationship between perception of effort, time and exhaustion can be explained more 

straightforwardly through mathematical adjustments rather than invoking complex 

physiological mechanisms (Marcora 2008). 

It has been revealed that pacing is not only influenced by physiological factors, such 

as oxygen consumption and lactate accumulation, but also by psychological factors, 

such as motivation, perceived exertion, and goal-setting (Koning et al. 2011). For 

example, athletes who have clear goals and strategies for their races tend to pace 

themselves more effectively than those who do not (Abbiss and Laursen 2008). 

The concept of teleoanticipation, is a fundamental tenet of theories in pacing. Ulmer 

suggested that before and during any race the brain takes into consideration various 

potential influencing factors. Critical factors for successful teleanticipation are 

knowledge of the endpoint and distance remaining (Ulmer 1996). To achieve effective 

teleanticipation, understanding both the endpoint and the remaining distance is crucial. 

Anticipating the duration of the planned race is significant as it prompts the brain to 

devise a pacing strategy for completing it. Teleoanticipation is based on the dynamic 

control and predictive regulation, which involves maintaining equilibrium and efficient 

allocation of resources to complete the race. The complex central regulation of 

exercise does not completely prevent homeostatic disturbances from occurring. It 

rather shows that a reserve exists in which skeletal muscle activation can be increased 

to cause increases in power output even in the presence of such peripheral changes 

(Tucker and Noakes 2009). The brain plans each race phase backward from the 

endpoint, aiming to both metabolic control and optimal race competition. Horstmann et 
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al. found that psychophysiological judgements made early during exercise are 

reasonably accurate indicators of the time until exhaustion (Horstman et al. 1979). 

Research thereafter consistently demonstrated a strong relationship between effort 

perceptions and the adjustment of exercise, affirming the idea that the perception of 

effort is a primary determinant in the regulation of endurance performance. It is 

suggested that the scalar properties of perceived exertion (RPE) during exercise can 

predict the time to exhaustion (Noakes 2008). This guiding framework can dictate how 

the race is managed and conducted throughout its entire duration. In essence, there is 

a proactive planning approach to the activity, which serves two purposes. It facilitates 

successful race completion in the most efficient way, but at the same time preventing 

premature fatigue. Swart et al. found that enhanced familiarity with the exercise and a 

clear knowledge of its endpoint are linked to a more aggressive (i.e. linear) pacing 

strategy, leading to superior exercise performance (Swart et al. 2009).  

The afferent feedback model (Amann 2011) includes both internal and external stimuli 

towards maintaining homeostasis during exercise (Ament 2001). It is suggested that 

receptors continuously monitor the physiological impact of the pace (Mauger 2014). 

Internal stimuli sensed by various receptors and external stimuli like a competitor or 

environmental shifts, contribute to the feedback loop. The feedback loop aims to 

regulate and restrict peripheral muscle fatigue, maintaining it below the individual 

critical threshold.  

Psychological aspects of pacing have further yielded surprising and useful discoveries. 

A well-designed study by Stone et al. investigated whether athletes preserve an energy 

reserve for use only under extreme circumstances and whether their impressions of 

their energy levels are accurate (Stone et al. 2012). It was found that athletes reserve 

energy unconsciously even when pushing themselves to the limit (Stone et al. 2012). 

This raises the question of whether elite athletes can learn to access this reserve by 

training at high intensities or certain pacing strategies. As we gain a better 

understanding of pacing, we may be able to further push the boundaries of human 

performance, but the physical and psychological mechanisms involved remain 

complex. 
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2 Background 

2.1 Pacing in swimming 
 

The Olympic Games and World Championships are the ultimate platform for 

swimmers, with a rich history of pool and open water events. Most swimming 

competitions adhere to the heat, semi-final, and final format, where a swimmer's final 

time determines their qualification for subsequent rounds. Competing at this level 

demands unwavering commitment, dedication, and relentless physical and mental 

preparation, often leading to a solitary chance to compete for a medal. Swimming is a 

sport where victory and defeat often come down to slim margins, and the times 

required to win a gold medal are progressively getting faster with each Olympic Games 

and World Championships, often resulting in frequent World Record breakages (Pyne 

et al. 2004). 

The scientific literature on swimming is vast and diverse, owing to the complex and 

multifaceted nature of swimming performance (McGibbon et al. 2018). However, 

research in certain areas is limited compared to many land-based sports due to the 

challenges associated with conducting research in an aquatic environment. For 

instance, measuring energy expenditure and metabolic responses, heart rate 

monitoring, kinematic analysis and sensory perceptions or other motivational aspects 

through questionnaires or scales during swimming in a pool can be as challenging to 

evaluate as externally controlling the pace in the pool (McGibbon et al. 2018). 

Considering that the smallest meaningful change in swimming performance in Olympic 

events is 0.4% (Pyne et al. 2004), a mere difference of 0.01 seconds can determine 

whether an elite athlete wins a gold or silver medal or qualifies for a final at the Olympic 

Games. Consequently, optimizing pacing behaviour is becoming increasingly 

important in maximizing swimming performance (Foster et al. 1994). 

Due to the highly resistive properties of water, optimal pacing is arguably even more 

important in swimming than in other sports (Toussaint and Truijens 2006). Swimming 

is mechanically inefficient, because only 6-18% of the energy created from the 

metabolism is actually converted into mechanical work (McGibbon et al. 2018), 

compared to 18-24% in cycling (Coyle 1999). Therefore, an increase in swimming 

speed increases energy expenditure substantially (Batchelor 1999). Swimmers who 
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fail to pace optimally may suffer poor race performances, because of a premature 

fatigue and subsequent loss of power output and swim speed. This is due to the high 

metabolic cost of swimming in a highly resistive medium and the drag caused by the 

swimmer becoming less streamlined, subsequently dropping deeper in the water (often 

at the hips) as fatigue ensues (Thompson et al. 2004). In addition, the more fatigued 

the swimmer becomes, the greater the technique deterioration (Naemi et al. 2010). 

This further increases metabolic energy cost and an even greater rate of accumulating 

fatigue. 

Swimming is a sport where the frequency of strokes per minute determines the number 

of opportunities a swimmer can take a breath. When a swimmer becomes fatigued, 

they may be tempted to breathe more frequently, such as every stroke instead of every 

other stroke. This too can have a negative impact on streamlining, resulting in 

increased drag and energy expenditure (Barden and Barber 2022; Barbosa et al. 

2010). As a result, a fatigued swimmer may need to slow down to finish the race without 

any chance of winning. Therefore, swimming requires a strong synchronization 

between technique and physiology, and pacing behaviour plays a crucial role in both 

areas.  

Pacing patterns in swimming are often analysed by plotting split times or velocity for 

each lap of the event. Publicly accessible competition results allow for the calculation 

of mean lap velocity by dividing lap distance by split time (Mauger et al. 2012). Another 

method is to express lap velocity as a percentage of the overall mean race velocity. 

This concept of normalised velocity makes the variability of the mean race velocity 

comparable. It shows the fluctuation of velocity compared to the mean velocity in 

relative terms. These data offer insights into the pacing strategies of swimmers in 

competition, but it is unclear if these patterns are optimal for performance or reflect a 

deliberate pre-planned pacing strategy. Elite swimmers should be able to execute a 

pre-determined race plan, but also flexibly adjust pacing behaviour to changing race 

situations, such as modifying their initial pacing strategy to gain a tactical advantage 

or keeping pace with a competitor who is pulling away. To gain accurate pacing 

information, split times need to be measured every 5-10% of the race distance (Foster 

et al. 1994). This level of resolution has been achieved in swimming research, allowing 

for the identification of velocity changes in free swimming and non-swimming 

components such as the dive start, turns, and finish. Abbiss and Laursen have 
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previously described and defined different pacing patterns in common sport 

performance (Abbiss and Laursen 2008). In swimming a positive, allout, parabolic, 

negative, variable and even pacing patterns have been observed (McGibbon et al. 

2018). 

 

2.2 Pacing pattern 
 

A positive pacing pattern is present when the race velocity gradually declines 

throughout the duration of the event. A study on the impact of different pacing strategies 

on performance variables found that national and international 200 m breaststroke 

swimmers self-selected a positive pacing pattern (Thompson et al. 2004). However, it 

is unknown whether this pacing strategy is optimal for 200 m breaststroke swimming. 

Metabolic factors suggest that swimmers who adopt a positive pacing strategy have a 

higher post blood lactate level, respiratory gas exchange ratio, and RPE scores 

compared to those who use an even pacing strategy. Thompson et al. observed a 

positive pacing pattern in swimmers, although it was concluded that an even pacing 

strategy would be physiologically more advantageous, as using a positive pacing 

strategy could deplete metabolic reserves too early (Thompson et al. 2004). Indeed, 

Skorski et al. found that a faster first 100 m in a 400 m freestyle race resulted in a 

slower finishing time (Skorski et al. 2014a). Given the dive start in swimming, 

swimmers might adopt a positive pacing strategy to take advantage of the high swim 

velocity occurring through the starting procedure. 

An all-out pacing pattern is predominantly present in 50 m swimming events, whereby 

the race velocity gradually declines throughout the race after the initial rapid 

acceleration at the start. Although this pacing pattern is also commonly described in 

100 m events, a faster first lap initiated by the dive start means that the second lap is 

slower indicating a positive pacing pattern. In such short events, it is important for the 

swimmer to remain competitive (close to competitors), implying a fast start with only a 

slight drop off towards the end of the race. Accordingly, Robertson et al. found that 

successful elite swimmers showed faster lap times in the final stages of the race 

compared to less competitive swimmers (Robertson et al. 2009). 

The most commonly used pacing pattern in elite middle distance freestyle swimming 

is parabolic, whereby the race velocity is approximately 10% above the average race 
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velocity at the start of the race, levels off and stays on an even plateau until 

approximately 85% of the race has been completed, where the race velocity increases 

again towards 10% above average race velocity (Abbiss and Laursen 2008). A large 

sample size study by Mauger et al. analysing the 400 m freestyle races at elite national 

and international competitions revealed that a parabolic pacing patter is most 

frequently used (Mauger et al. 2012). Although no single pacing patterns yielded a 

statistically significant competitive advantage on 400 m freestyle performance, 

swimmers displaying a parabolic pacing pattern were on average 1.7 s faster 

compared to swimmers displaying a positive pacing pattern. Given the narrow margins 

between winning and losing in swimming, performance can be affected by differences 

of this magnitude and are therefore of practical relevance. 

A negative pacing pattern is present when the race velocity is approximately 10% lower 

than the average race velocity in the start phase of the race and then gradually 

increases to 10% above average race velocity in the end phase of the race. A clear 

adoption of such a pacing strategy is rarely observed in swimming, although research 

showed it lowers fatigue-related metabolites in the start phase of the race (Abbiss and 

Laursen 2008). Similarly, Mattern et al. revealed that a negative pacing strategy was 

associated with lower blood lactate during the first half of a 20 km cycling time trial 

(Mattern et al. 2001). There was a significant increase in overall performance by 

adopting a negative pacing strategy with a reduced power output in the initial phase of 

the race by 15% compared to a self-selected pacing pattern. Thompson et al. also 

showed that heart rate response was significantly lower by utilising a negative pacing 

strategy compared to a positive or even pacing strategy in 200 m breaststroke 

swimming (Thompson et al. 2004). However, the study failed to demonstrate a lower 

mean blood lactate for the negative pacing strategy compared to the even pacing 

strategy. A negative and a parabolic pacing strategy have in common a controlled start 

and even pacing in the middle of the race, which conserves energy allowing to 

substantially increase speed in the final laps. Notably, it was shown that non-medallists 

expend more energy early on in the race, leaving no capacity left for an end-spurt 

compared to medallists, thereby emphasizing the importance of an end-spurt relative 

to the start phase of a race (Mytton et al. 2015). 

A variable pacing pattern is present when the race velocity changes extensively during 

the race. In particular, water-resisted activities like swimming, as well as air-resisted 
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exercises like cycling or ice-skating, can suffer from ineffective pacing behaviour, 

resulting in decreased performance outcomes (Abbiss and Laursen 2008). Whereas in 

swimming varying environmental factors are limited, the swimming technique and its 

effect on the level of water resistance makes pacing behaviour an important 

performance component. However, as the water resistance increases disproportional 

to the swimming velocity, acceleration may not be beneficial from a physiological 

perspective in swimming. The ineffectivity of a variable pacing strategy in swimming is 

supported by Thompson et al., who showed that an increase in swim velocity above 

the mean swim velocity results in a higher contribution of the anaerobic metabolism 

(Thompson et al. 2004). During a 102% trial with therefore increased mean swim 

velocity, the stroke rate and stroke count increased compared to the 98% trial with 

therefore reduced mean swim velocity, indicating that the higher mean velocity was 

due to an elevated stroke rate rather than an increase in stroke length. While RPE 

increased with mean swim velocity in connection with an increase in stroke rate, it was 

suggested that fatigue affected the swimming technique, indicating a loss in propulsion. 

Consequently, it was concluded that a change in swimming technique (i.e. increasing 

stroke rate) is a possible procedure to maintain swim velocity at the cost of a greater 

metabolic acidosis. 

An even pacing pattern is present when the race velocity stays constant throughout 

the entire race with only minimal variability. An even pacing strategy is recommended 

when external conditions are constant (Foster et al. 1993). Though this strategy is 

mathematically and metabolically optimal for middle and long-distance freestyle 

events, it is not commonly observed in swimming (McGibbon et al. 2018). Swimmers 

often find themselves flexibly adapting their pacing strategy, responding to external 

factors such as a sprint of competitors in the final stages of a race. This adaptability 

introduces a strategic element to racing in swimming, where athletes must balance the 

benefits of even pacing with the need to respond to changing biopsychosocial 

circumstances. The interplay between a metabolically optimal even pacing strategy 

and interactive dynamics of a race highlights the complexity of regulating pacing 

behaviour in competitive middle-distance swimming. 
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2.3 Pacing in 800 m and 1,500 m freestyle pool swimming 
 

Pacing strategies in swimming differ according to the distance of the event 

(McGibbon et al. 2018). In 800 m and 1,500 m freestyle pool swimming athletes 

generally display a parabolic pacing pattern with highest swimming velocities at the 

start and end of the race (Lara and Del Coso 2021; Lipińska 2009; Lipińska et al. 2016; 

Lipinska et al. 2016; McGibbon et al. 2021; Mytton et al. 2015; Menting et al. 2019). 

Elite female 800 m freestyle swimmers at the 2008 Olympic Games maintained an 

even swimming velocity in the middle part of the race after an initial fast start and 

followed by a substantial increase of swimming velocity on the last 100 m (Lipińska et 

al. 2016). Further studies repeatedly confirmed this pacing pattern in 800 m freestyle 

swimming, showing a fast start due to the dive followed by a gradual decrease towards 

the normalised velocity and with a sprint at the end of the race (Lipińska et al. 2016; 

McGibbon et al. 2018; Menting et al. 2019). Moreover, it was revealed that better 

placed swimmers showed less variation between lap times in the race compared to 

less experienced swimmers showing a decline in segmental velocity towards the end 

of the race (Lipińska et al. 2016).  

An analysis of 173 national and international competitions between the years 2000 and 

2014 indicated that a similar pacing pattern is utilised by swimmers in the 1,500 m 

freestyle pool swimming events (Lipinska et al. 2016). The pacing pattern was 

characterized by a fast start while the middle part of the race was swum with a reduced 

lap-to-lap variability. Improvements in finishing time may be possible by conserving 

energy in the middle part of the race for a faster final lap, which is typically 

demonstrated by better placed swimmers (Lipinska et al. 2016). A study analysing the 

1,500 m freestyle races at World Championships between the years 2003 and 2019 

showed that all finalists chose a parabolic pacing pattern (Lara and Del Coso 2021). It 

was concluded that a relatively slower start pace and an even paced middle part during 

the race may help to conserve energy for the decisive final stages of the race 

(McGibbon et al. 2021). 
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2.4 Reproducibility of pacing performance 
 

Considering these different pacing strategies, researchers have examined the 

reproducibility of pacing patterns between and within athletes and competitions. 

Swimmers have a unique advantage over participants in cycling or running events as 

they compete in their own designated lanes, reducing the need to compete for drafting 

positions. This local separation from opponents and minimal interference from external 

factors contribute to a higher level of reliability within the sport compared to track 

running events of similar durations (Mytton et al. 2014). Accordingly, swimmers show 

a very stable pacing pattern in 800 m and 1,500 m freestyle events. The majority of 

elite swimmers tend to utilize similar pacing patterns in these two events irrespective 

of gender and final placing (Lipińska et al. 2016; Robertson et al. 2009). Theoretically, 

the pre-set conditions for a swimming race could allow athletes to use a pre-determined 

pacing strategy regardless of opponents and type of competition. However, some 

swimmers may swim strategically to gain a tactical advantage or respond to a certain 

pacing behaviour of a competitor. Swimmers develop their own pacing templates 

through years of repeated practice and competitions (Foster et al. 2009). Highly 

experienced athletes show a very stable pacing pattern suggesting that pacing 

variability is likely to stem from individual swimmers and to a lesser extent from 

influence of competitors (Skorski et al. 2014b). However, by looking at the final stages 

of a race it becomes obvious that opponents have an effect on the end-spurt of a 

competitor, although this was not subject of investigations so far. Thus, further research 

is needed to determine the impact of an opponent on pacing behaviour in swimming 

performance. 

Regarding the within reproducibility in swimming performance, a study by Skorski et 

al. showed that elite swimmers have a stable pacing pattern within one event (Skorski 

et al. 2014b). It is suggested that prior experience decreases variability as younger and 

more inexperienced swimmers show a less stable pacing pattern (Skorski et al. 2013). 

However, swimmers with less expertise may also be more susceptible to being 

influenced by their opponents' actions, resulting in deviations from their planned pacing 

strategy and greater segmental velocity variability. There is also evidence suggesting 

that better swimmers can maintain more consistent turn performance, particularly in 

the decisive latter stages of a race (Veiga et al. 2014). 
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When evaluating reproducibility in the context of competition, elite swimmers exhibit 

consistent pacing patterns between different competitions (Skorski et al. 2013; Skorski 

et al. 2014b). However, the finishing time varies along the season, where faster times 

are reported towards the main peak of the season (Neuloh et al. 2022). The average 

improvement of finishing time is between 0.2 to 1.0% in one season depending on the 

time gap between competitions (Pyne et al. 2004). It is shown that elite swimmers 

improve their finishing time approximately by 1% within a year leading up to the 

Olympics (Pyne et al. 2004). Skorski et al. reported a performance improvement of 

1.2% from heat to final in elite swimmers with a smaller variability at the start compared 

to the end of the race (Skorski et al. 2014b). This could indicate that the progression 

from heat to final influences the pacing variability towards the end of the race, 

suggesting that better swimmers might hold back in the heat to conserve energy and 

only show their peak performance in the final. 

 

2.5 Real versus simulated competitions 
 

Simulated and real swimming competitions have been compared in the literature 

to examine the similarities and differences between the two settings. Simulated 

competitions aim to replicate the conditions and atmosphere of real competitions, albeit 

in a controlled training or research environment. This allows swimmers to practice their 

skills, test their pacing strategies, and prepare themselves for the intensity and 

pressure of an actual race. Whereas pacing patterns have mainly been investigated in 

real competitions, manipulating factors influencing the pacing pattern have only been 

studied in simulated races. The analysis of an opponent in swimming in a controlled 

environment has been neglected so far.  

Generally, swimmers tend to exhibit similar pacing patterns, maintaining relatively 

consistent speeds throughout the race, regardless of whether it is a simulation or an 

actual competition (Skorski et al. 2013). However, it has been noted that in real 

competitions, there is often a subtle rise in velocity as swimmers approach the final 

stages of the race. This suggests that the presence of an opponent and the desire to 

achieve optimal performance and ranking in a competition may influence swimmers to 

a greater increase in speed towards the end. Despite these slight but potentially 

decisive differences in velocity, swimmers appear to select their pacing strategies 
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based on prior experience. This suggests that swimmers develop their own 

individualized pacing templates over time, which they rely on during races. Simulated 

competitions can be valuable tools for swimmers to practice and refine their pacing 

behaviour, providing more opportunities for younger or less experienced swimmers to 

develop their pacing skills and improve their performance. While simulated 

competitions offer a controlled environment for training, real competitions introduce 

additional factors that cannot easily be replicated. The presence of an audience, the 

adrenaline rush, and the pressure to perform at one's best against equally skilled 

opponents contribute to the unique experience of a real competition. These external 

factors can have a substantial psychological impact on swimmers and may significantly 

impact on their pacing behaviour. 

 

2.6 Virtual pacing assistance 
 

Science and technology play a huge role in optimizing swimming performance. 

Despite aquatic conditions, progress has been made to provide pacing feedback. 

Some of the current devices available allow for real time feedback. This is important 

as swimmers may misjudge their swimming pace (Bächlin and Tröster 2012). 

Research showed that it is not an easy task especially for non-elite swimmers to control 

their pace by themselves (Altavilla et al. 2018). Thus, researchers have developed a 

variety of devices that aid swimmers in different facets of their training. Zatoń and 

Szczepan have developed a wireless communication device that enhances the quality 

and flow of verbal information between coaches and swimmers (Zatoń and Szczepan 

2014). Additionally, a submerged timer has been utilized as a visual medium for 

information transmission in a pool (Pérez et al. 2009). The combination of 

communication techniques with swimmers, along with the evaluation of movement and 

physiological parameters, has been shown to effectively enhance athletic 

performance. Various devices, including Virtual Swim Trainer (Indico Technologies 

Torino, Italy), Lider (Kuca, Poland), GBK-Pacer (GBK-Electronics, Portugal), 

Pace2Swim (FADEUP Porto, Portugal), and SwimLead (Synerte, Poland) utilize a 

beam of light that travels along the bottom of a swimming pool to provide real-time 

reporting of swimming speed (Proteau and Isabelle 2002).  
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The implementation of virtual pacing technology in swimming presents a new and 

inventive method for improving training routines and overall performance results in 

aquatic settings. The methodology involves the application of advanced sensors and 

augmented reality technology to provide swimmers with immediate feedback and 

guidance. The implementation of virtual pacing assistance facilitates the maintenance 

of a consistent and efficient tempo among swimmers during their practice routines 

(Szczepan et al. 2016). The dissemination of insightful feedback to athletes concerning 

their performance empowers them to pinpoint deficient areas and subsequently modify 

their approach. Optimizing pacing behaviour can enable elite swimmers to enhance 

their energy utilization and make strategic decisions during races, ultimately pushing 

the boundaries of their performance. The use of virtual pacing assistance has become 

a crucial tool for individuals seeking to attain outstanding performance in the 

competitive swimming domain (Szczepan et al. 2016).  

Despite numerous obstacles associated with quantifying the kinematic and 

physiological data of swimmers, there are several studies demonstrating the 

methodology for accomplishing this task while being submerged in water. For example, 

Ohgi employed a wrist-mounted accelerometer to quantify the level of fatigue 

experienced by swimmers (Ohgi 2002). In 2005, Davey et al. affixed a sensor to the 

hip region of swimmers for the purpose of quantifying their swimming strokes (Davey 

et al. 2005). The authors Callaway et al. and Slawson et al. utilized an accelerometer 

in their assessment of the four distinct swimming strokes (Callaway et al. 2009; 

Slawson et al. 2008). Bächlin and Tröster developed a model that utilizes 

accelerometers and proposed a methodology for measuring the overall efficiency of 

swimming (Bächlin and Tröster 2012). The system conducts an analysis of the 

swimmer's stroke rate, pace, technique, and subsequently compares them to the 

established ideal standards. Upon receiving feedback from their visual interface, such 

as smart goggles or a heads-up display, the swimmer can adjust their stroke and tempo 

accordingly. The utilization of a virtual pacing aid in swimming can enhance efficiency, 

reduce fatigue indirectly (through a more optimal pacing pattern), and optimize 

performance through optimal pacing by providing prompt feedback and personalized 

pacing data. 

In the year 2015 Indico Technologies in Torino introduced the Virtual Swim Trainer 

(VST). This system incorporates a light feedback mechanism consisting of waterproof 
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LED lights positioned along the bottom of the pool, spanning 50 m in the middle of the 

swim lane. To secure the LED stripe, small weights can be placed approximately every 

4-5 m. The Swim Session Creator software by Indico Technologies can be used to pre-

program the lights and import it into the control panel (VST 17) of the VST. LED stripes 

can be programmed to ensure consistent pacing for each 50 m split time, aligning with 

the pool's length. Each turn is indicated by a stationary white light positioned 1.5 m 

before the wall, while a static white light situated 7 m after the wall indicates the break 

out after the push-off. The light feedback duration during turns is generally set at 1.5 

seconds for spinning and 3.6 seconds for push-offs. These settings adhere to the 

standard options available in the VST system for competitive swimmers and align with 

previous research findings (Weimar et al. 2019; Morais et al. 2019).  
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3 End-spurt  
 

The end-spurt in swimming is a phenomenon that occurs during the final stages 

of a race (Abbiss and Laursen 2008; Hołub et al. 2023). It is characterized by a surge 

in speed, which can give a swimmer a decisive advantage over their rivals. It is 

especially noticeable in competitions like the 400 m, 800 m, and 1,500 m freestyle, 

where swimmers must maintain a high level of effort and stamina for a prolonged 

period. Elite swimmers are not the only ones who exhibit an end-spurt; swimmers of 

all ages and levels of competition do (as long as they are motivated). With the right 

instruction and awareness, even inexperienced swimmers can mobilize their reserves 

and perform a significant end-spurt during practice sessions or regional competitions. 

The concept of the end-spurt pertains to the inclination of athletes to intensify their 

efforts, such as velocity and power output, as they approach the end of a physical task 

(Noakes 2012; Edwards and Polman 2013). A combination of physical stamina, mental 

concentration, and tactical execution define the end-spurt. Athletes frequently use their 

reserves during an end-spurt, pushing their physical and mental boundaries and giving 

it their all to cross the finish line or accomplish a particular performance outcome. 

Athletes may be able to surpass rivals, set records, or win a sporting event because of 

this final increase of effort, which frequently determines the outcome in competitive 

events.  

 

The parabolic shaped pattern, as described by Edwards and Polman (Edwards and 

Polman 2013), consists of athletes initially reducing their velocity during the middle 

phase of a physical task, followed by a subsequent increase in effort towards the race 

completion. The phenomenon known as the end-spurt has been consistently observed 

and documented across various endurance sports. These domains include running 

races ranging from 1,600 m to 10 km (Tucker et al. 2006), rowing events of 2,000 m 

(Garland 2005; Muehlbauer et al. 2010), swimming distances of 400 m to 25 km 

(McGibbon et al. 2018; Veiga et al. 2019), and cycling (Foster et al. 2004). As an 

illustration, a conventional 1600 m running race participant would initiate the race with 

a heightened velocity during the initial lap, subsequently reducing their velocity in the 

second and third laps. However, they would then increase their velocity once more 

during the final lap, thereby exhibiting an end-spurt that conforms to a parabolic shaped 

pattern (Tucker et al. 2006).  
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It is advisable for athletes to effectively allocate their energy expenditure in a manner 

that optimizes the utilization of all available energetic resources, while avoiding 

premature fatigue and a decline in speed (St Clair Gibson and Noakes 2004). An 

untimely increase in power generation could potentially lead to a suboptimal level of 

work output, thereby hindering the ability to enhance speed during the end-spurt. 

Hence, it can be inferred that the endpoint and remaining distance exert a stable and 

uniform influence on pacing behaviour (Venhorst et al. 2018b). It appears that athletes 

engage in energy conservation strategies during the middle phase of a long-distance 

event, thereby gradually building confidence to effectively utilize their remaining 

capacity for a final burst of speed as reaching the finish line becomes more certain (St 

Clair Gibson et al. 2006). Interestingly, athletes perform their highest velocity precisely 

when they are expected to encounter the greatest degree of muscular fatigue, 

indicating access to a previously inaccessible energy reserve. It is suggested that once 

athletes get closer to the finishing line, motivation to increase swim velocity is elevated 

(Förster et al. 1998). 

 

In general, performance advantage of an end-spurt contrasts with the inherent water 

resistance-related fluctuations in swim velocity (Morais et al. 2019). As a result, there's 

limited support for the notion of utilizing an end-spurt based solely on biomechanical 

and aerobic energy supply considerations. The high resistance of water implies that 

even minor changes in swim velocity can lead to a significant rise in energy 

expenditure, potentially causing premature fatigue (Barbosa et al. 2010). Although 

biomechanically and physiologically, an even-paced approach with minimal lap-to-lap 

variability is generally considered optimal for long-distance pool swimming (Barbosa et 

al. 2010; Morais et al. 2019), successful swimmers have consistently demonstrated 

the ability to execute an end-spurt in various events (Lipińska 2009; Lipinska et al. 

2016; Mytton et al. 2015; Neuloh et al. 2020; Neuloh et al. 2022). The critical power 

model suggests that maintaining an even pacing pattern for most of the race distance 

maximizes aerobic energy contribution. The concept shows the relationship between 

power output or speed and duration of swimming, whereas the slope of the relationship 

(critical power output) is defined as the threshold of fatigue. The sustainable power 

output decreases in relation to exercise duration, ultimately reaching a plateau, while 

the curvature of this relationships represents the work capacity available above critical 



Disserta�on- Joshua E. Neuloh 
 

28 
 

power (CP) (Jones 2017). Therefore, it is speculated that maintaining an even pacing 

pattern for the majority of the race distance is optimal for aerobic energy contribution, 

it could lead to conserving anaerobic capacity for a potential end-spurt (Toussaint et 

al. 1998). 

 

It is plausible that the control of work rate by the brain might better explain the presence 

of an end-spurt. The brain governs power output by regulating motor unit recruitment 

through information about the race's endpoint, past race experiences, and feedback 

from environmental and metabolic conditions (St Clair Gibson et al. 2006). The end-

spurt involves tapping into the finite anaerobic reserve, a strategy potentially riskier to 

deploy early in the race due to uncertainty about the necessary power output to 

complete the race (Pyne and Sharp 2014). As the race progresses and the endpoint 

becomes more certain, the brain may release a higher output in the final lap. The 

metabolic requirements for completing the race without premature fatigue become 

more predictable towards the race's conclusion (Emanuel 2019). In this context the 

comparison of an even paced race with an end-spurt and a completely even paced 

race, where the anaerobic reserve from an end-spurt is equally distributed over the 

whole race distance becomes interesting. The effect of such an aggressive even 

pacing with a shallower linear increase of RPE should be investigated in swimming 

and its influence on the end-spurt examined. 

 

Although the end-spurt in swimming is a relevant performance factor, it has not yet 

received the deserved attention in the literature. The importance of performing an end-

spurt as a tactical tool is sometimes overshadowed by the emphasis on endurance and 

keeping a high steady pace throughout a race. Being a relatively brief burst of speed, 

the end-spurt is sometimes disregarded as a negligible component of performance 

improvement. Thus, coaches may erroneously focus on aerobic capacity of athletes in 

longer pool races without giving the mobilization of anaerobic energy reserves the 

necessary attention. There seems to be a lack of appropriate training methods and 

approaches designed to maximize the athlete’s end-spurt.  For example, continuous 

swimming or interval training, which largely focuses on aerobic endurance, are 

frequent focal points in traditional training science. Specific drills and workouts aimed 

at enhancing the explosive power and speed necessary for the end-spurt are not given 

enough attention (Neuloh et al. 2020). End-spurt in swimming is a phenomenon with 
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enormous potential that is yet not fully appreciated by conventional training 

approaches. Swimmers can gain a competitive advantage, both emotionally and 

physically, by understanding the significance of a burst of speed, as an end-spurt or in 

a tactical situation with a competitor during a race. Athletes may maximize their 

performance and produce outstanding results by combining specific training activities 

and the end-spurt into racing plans. To achieve greater levels of success in this sport, 

coaches and swimmers should work to better comprehend, appreciate, and harness 

the power of the end-spurt. 
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4 Aims of the PhD-Thesis 
 

 The aim of this thesis was to examine end-spurt behaviour in long distance pool 

swimming. This work presents a novel End-Spurt Indicator (ESI), which can quantify 

end-spurt behaviour in swimming. It was used to analyse different effects of the end-

spurt to get a better understanding of how it can influence swimming performance. In 

this regard, it tries to close the scientific gap on optimal pacing in the last stages of a 

race. 

 

The aim of the first study was to design an ESI to quantify and analyse end-spurt 

behaviour in 800 m and 1,500 m freestyle swimming races from the last eight World 

Championships and five Olympic Games (1998–2016). The influence of distance, time 

point of competition, round and finishing position was investigated.  The second study 

analysed the association of seasonal best time, distance, and different performance 

levels with end-spurt behaviour over one swimming season. Finally, the third study 

examined the effect of an end-spurt in association with an energetically more optimal 

even-paced pacing pattern and a race against a performance-matched opponent 

including its physiological underpinnings. 
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5 Study overview 
5.1 Study 1: Analysis of end-spurt behaviour in elite 800 m and 1,500 m freestyle 
swimming 
 

Neuloh, Joshua E., Skorski, Sabrina, Mauger, Lex, Hecksteden, Anne & Meyer, Tim. 

(2020); Eur J Sport Sci. 2021 Dec; 21 (12): 1628-1636. Published on 14 Dec 2020. 

 

Introduction: An end-spurt has been typically described in head-to-head competitions, 

where success is determined by performing marginally better than other competitors 

to achieve a better finishing position. To better understand end-spurt behaviour in 

swimming the influence of distance, time point of competition, round and finishing 

position was analysed. 

Methods: Race results in 800 m and 1,500 m freestyle swimming from the last eight 

World Championships and five Olympic Games (1998-2016) including 1,433 races and 

528 swimmers were obtained. The end-spurt for each race was determined by means 

of an End-Spurt Indicator (ESI). The ESI was calculated by dividing the difference 

between the swim velocity of the last lap (SVLL) and the mean swim velocity of the 

middle part of the race (SVMP) by the respective individual standard deviation of 

SVMP. Subsequently, ESI was used as a dependent variable and influences were 

analysed using a linear mixed model with fixed effects for distance, time point of 

competition, round and finishing position. 

Results: An end-spurt was evident in most swims for both race distances. The mean 

change in swim velocity between the middle part of the race and the last lap was 

0.06±0.02 m/s (1.2±0.2 s) in the 800 m and 0.07±0.02 m/s (1.5±0.2 s) in the 1,500 m. 

The finishing position within a race significantly affected the ESI (P<.001, t=7.28). 

Specifically, when analysing finals only, ESI was significantly greater in medallists 

(5.76; quantile: 3.61 and 8.06) compared to non-medallists (4.06; quantile: 1.83 and 

6.82; P=.001). The between-subject standard deviation was 1.66 (Cl: 1.42 to 1.97) with 

a relative variance component of 23%, while 77% of ESI variance remained 

unexplained. 
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Conclusion: This is the first study using a newly developed indicator of end-spurt 

behavior demonstrating that particularly medallists have a more pronounced end-spurt 

compared to non-medallists. 

 

5.2 Study 2: The association of end-spurt behaviour with seasonal best time in 
long-distance freestyle pool swimming 
 

Neuloh, Joshua E., Venhorst, Andreas, Forster, Sabrina, Mauger, Alexis & Meyer, Tim. 

(2022); Eur J Sport Sci. 2023 Apr ;23 (4): 469-477. Published on 6 Mar 2022. 

 

Introduction: Most of the pacing literature has analysed end-spurts among elite 

swimmers without assessing their intra-seasonal best time progression. Although the 

ultimate goal at a competition is to beat all competitors and win the gold medal, it has 

been suggested that swimmers simultaneously may need to improve their seasonal 

best time to stay in contention for a medal. 

 

Method: Race results in 800 m and 1,500 m pool freestyle swimming in the season 

2018/2019 including 14,930 races and 2,650 swimmers were obtained. The end-spurt 

for each race was determined by means of an End-Spurt Indicator (ESI). Subsequently, 

ESI was used as a dependent variable and influences were analysed using a linear 

mixed model with fixed effects for seasonal best time, distance, and performance level 

amongst others. 

 

Results: In the 800 m and 1,500 m races swimmers showed a mean ESI of 2.08 (95% 

CI: 2.02 to 2.13) and 3.68 (95% CI: 3.59 to 3.76), respectively. There was a significant 

association between seasonal best time and ESI, with a better seasonal best time 

showing a greater ESI (F=70.5, P<.001, f2=0.04). A significant effect on greater ESI 

was also observed for longer distance (F=1067.5, P<.001, f2=0.06) and higher 

performance level (F=91.1, P<.001, f2=0.02). Elite swimmers had a mean ESI of 5.47 

(95% CI: 4.91 to 6.03), sub-elite swimmers of 3.74 (95% CI: 3.53 to 3.95) and 

competitive swimmers of 2.41 (95% CI: 2.37 to 2.46). 

 

Conclusion: It was shown and quantified that competitive, sub-elite and elite 

swimmers execute an end-spurt in freestyle long-distance pool swimming races over 
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800 m and 1,500 m.  A greater end-spurt was associated with better seasonal best 

time, higher performance level of the swimmer, longer race distance and being closer 

to the main peak of the season. 

 

5.3 Study 3: The effect of forced even pacing and an opponent on end-spurt 
behaviour in freestyle pool swimming 
 

Neuloh, Joshua E., Venhorst, Andreas, Forster, Sabrina & Meyer, Tim. (2024). The 

effect of forced even pacing and an opponent on end-spurt behaviour in freestyle pool 

swimming. Eur J Sport Sci. 2024; 1–8. Published on 8 Apr 2024. 

Introduction: Swimmers typically perform an end-spurt in 1,500 m freestyle with the 

magnitude being affected by the anticipated finishing position and the importance of 

the race. Greater end-spurts have been reported in head-to-head races in which 

success is determined by marginally performing better than the opponents. In this 

case, swimmers seem to be able to mobilize greater fractions of anaerobic reserves to 

outsprint the competitor during the final meters. 

Method: Twenty-seven competitive swimmers and triathletes were recruited and 

completed four 1,500 m freestyle trials: (i) familiarization time trial (FAM), (ii) self-paced 

time trial (STT), (iii) head-to-head competition time trial (CTT) and (iv) virtual pacing 

assistance time trial (FET). Eventually, 12 swimmers met the criteria for the CTT and 

FET to be included in the analysis. Changes in end-spurt behaviour, finishing time and 

physiological parameters (cortisol, noradrenaline, lactate, heart rate) were analysed 

using a linear mixed model with fixed effects for trials and a random effect for swimmer 

identity. A separate linear model was computed for competition outcome. The end-spurt 

for each race was determined by means of an End-Spurt-Indicator (ESI; ESI >0 greater 

end-spurt). 

Results: Swimmers demonstrated a significantly greater ESI in CTT (+1,40; P<.022) 

and FET (+2,65; P<.001) compared to STT. Winners had a significantly greater ESI 

(+1.68) than losers in CTT (P<.005). Blood lactate concentration in CTT (+1.67 mmol.l-

1; P<.001) and FET (+1.01 mmol.l-1; P<.001) was significantly higher than in STT. 

Conclusion: Swimmers seem to experience a positive stimulus from a real opponent 

and virtual pacing assistance and can execute a greater end-spurt due to a higher 

metabolic tolerance level. A head-to-head race is won by a greater end-spurt, although 
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the loser is experiencing a similar metabolic disturbance as the winner. It is speculated 

that the presence of a real opponent leads to access to an anaerobic energy reserve 

through a command based on the motivational stimulus of a head-to-head race.  
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6 Discussion of findings 
 

Swimmers have been observed to execute an end-spurt in 800 m (Lipińska et 

al. 2016; Lipińska 2009; Nikolaidis and Knechtle 2017) and 1,500 m (Lipinska et al. 

2016)  races. However, so far, such studies did not contain a clear definition based on 

an explicit statistical rationale for end-spurt behaviour and only accounted for overall 

statistical significance, when analysing the effect on a variety of different factors. 

Further, the main portion of the existing pacing literature has focused on analysing 

end-spurts within the context of elite swimmers (Hecksteden et al. 2015; Konings and 

Hettinga 2020; Lipińska 2009; Mytton et al. 2015; Neuloh et al. 2020), but without 

considering their seasonal best times and different performance levels. While the 

primary objective in a competition is to outperform all rivals and secure a gold medal, 

it has been proposed that swimmers might also need to enhance their seasonal best 

times to remain competitive for medals (Pyne et al. 2004). Additionally, when a 

competitor is present, the emphasis often shifts from executing an energetically 

efficient to an even-paced pacing pattern to attain the best medal placing (Foster et al. 

1994; Mauger et al. 2012; Abbiss and Laursen 2008). This scenario holds relevance 

in significant races such as World Championships or the Olympic Games, where 

success is primarily measured by the medal's colour. 

 

Therefore, this PhD-Thesis aimed to design an ESI to quantify end-spurt behaviour 

and analyse different effects such as distance, time point of competition, round, 

finishing position, different performance levels, seasonal best time, performance 

outcome and the effect of an opponent and the related physiological underpinnings. 

The first study in this thesis (Neuloh et al. 2020) was to analyse end-spurt behaviour 

in elite 800 m and 1,500 m freestyle swimming by applying and evaluating the ESI to 

investigate the influence of potential determinants such as distance, time point of 

competition, round, and race ranking. The retrospective analysis of elite competitions 

during 1998-2017 revealed that swimmers seem to consistently execute an end-spurt 

in both the 800 m and 1,500 m races. To the authors´ knowledge, this was the first 

attempt to quantify an end-spurt statistically and to estimate potential influencing 

factors. The current results expand on previous research, which mainly assessed 

mean differences within the velocity pattern (Lipińska et al. 2016; Lipinska et al. 2016), 

by developing an indicator that considers different variance components as well as 
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within-subject variability during the middle part of the race. The presence of an end-

spurt in the 800 m and 1,500 m is in accordance with previous research (Lipińska et 

al. 2016; Lipinska et al. 2016) and expectations. In a recent review, Mc Gibbon et al. 

summarised that similar to middle-distance events, parabolic pacing is typically 

observed in freestyle events of 800 m or above with the highest swimming velocity at 

the start and the end of the race (McGibbon et al. 2018). Lipinska et al. reported a 

3.6% and 5.8% faster last lap compared to the middle part in 800 m and 1,500 m 

competitions over a period of 13 years (Lipińska et al. 2016; Lipinska et al. 2016). 

Whilst the change in pace in the 800 m was like our analysis, the last lap in the 1,500 

m was only 4.2% faster. This discrepancy in the 1,500 m could be related to the fact 

that Lipinska et al. only included the fastest race at a competition into their analysis, 

leaving out performances in heats or slower races (Lipińska et al. 2016). 

 

Moreover, the first study of this thesis (Neuloh et al. 2020) also examined the effect of 

finishing position. The association of ESI and finishing position was significant. 

Specifically, in finals the ESI was significantly greater in medallists compared to non-

medallists. The observation that medal placement was significantly associated with 

ESI aligns with other research. For instance, Lopez-Belmonte et al. showed that the 

last lap was the fastest compared to the middle part of the race in 400 m, 800 m and 

1,500 m freestyle swimming and medallist had a higher coefficient of variation and 

performance progression versus non-medallists from heat to final (López-Belmonte et 

al. 2021). Mytton et al. also observed that medal winners exhibited a more pronounced 

surge in speed during the concluding phase of a 400 m freestyle race in comparison 

to non-medallists (Mytton et al. 2015; Neuloh et al. 2024). This discrepancy seemed to 

be the key factor distinguishing those who won medals from those who didn't. On the 

other hand, it is plausible that some non-medallists may not have executed an end-

spurt due to diminished prospects of winning a medal. Therefore, elite athletes are 

better equipped to mobilize their reserve capacity to a greater extent for the end-spurt. 

Conversely, swimmers with lower fitness levels might already be pushing themselves 

to their limits to keep up with faster competitors (i.e., medallists) during the midsection 

of the race. One possible explanation is that medallists experience fewer physiological 

disruptions during the race's initial and middle stages, as they use fractionally less of 

their higher capacity compared to non-medallists. As a result, they may maintain a 

greater anaerobic reserve for the decisive end-spurt (Mytton et al. 2015). 
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The second study in this thesis (Neuloh et al. 2022) aimed to measure and examine 

the characteristics of the end-spurt in pool-based swimming competitions, along with 

its correlation to factors such as seasonal best time. It was found that the ESI increased 

from the Pre-Season over the Main-Season to the Main-Peak-Season (Neuloh et al. 

2022). In broader terms, a more pronounced end-spurt correlated with swimmers 

achieving faster seasonal best times. Specifically, the end-spurt was more prominent 

among swims falling within the first to third categories of personal seasonal best times, 

in contrast to those categorized as fourth or beyond. In the first study of this thesis 

(Neuloh et al. 2020), it was observed that there is a connection between the magnitude 

of the end-spurt and finishing position among elite swimmers. This study highlighted 

that medal-winning athletes displayed a more pronounced end-spurt compared to 

those who did not win medals (Neuloh et al. 2020). Collectively, these findings suggest 

that swimmers perform an end-spurt not only to contend for medals in major sporting 

events like the Olympic Games or World Championships but also to potentially 

enhance their seasonal best times. Nevertheless, it is important to acknowledge that 

aiming for new seasonal best times during competitions is not always the primary 

objective for swimmers. Their central focus often lies in surpassing all competitors to 

secure the gold medal (Mujika et al. 2019). As a result, it is reasonable to infer that a 

potent end-spurt significantly contributes to securing medals, which secondarily may 

facilitate improvements in seasonal best times. However, it is worth noting that winning 

a medal does not consistently align with achieving a new seasonal best time, as these 

two objectives may not always coincide. In a different investigation, it was discovered 

that swimmers could potentially experience a moderate enhancement in their overall 

performance by reducing their swim velocity at the start of the race (Lipińska 2009). 

This strategy allows to conserve the finite anaerobic energy capacity to be later 

employed in the end-spurt during the decisive moments of swimming competitions. 

Consequently, it is suggested that a more pronounced end-spurt aligns with improved 

finishing positions and better finishing times.  

 

In the third study of this thesis (Neuloh et al. 2024), it was found that swimmers execute 

a greater end-spurt in the presence of an opponent compared to self-pacing and this 

was associated with a larger mobilization of anaerobic reserves as indicated by greater 

blood lactate concentrations. The discovery that swimmers utilize a more pronounced 
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end-spurt during head-to-head competitions aligns with the findings in the first study of 

this thesis (Neuloh et al. 2020). This earlier study established a link between the end-

spurt, finishing position, and medal-winning performance, particularly within head-to-

head races (Neuloh et al. 2022). This trend of a heightened end-spurt due to the 

presence of an opponent has now been established in swimming and also aligns with 

findings in other sports (Williams et al. 2015; Wilmore 1968; Tomazini et al. 2015). The 

consensus is that athletes tend to perform better in head-to-head contests in cycling 

(Williams et al. 2015; Wilmore 1968) and running (Tomazini et al. 2015) compared to 

self-paced exercises, indicating that head-to-head competitions serve as motivational 

trigger that impacts performance and pacing behaviour including the end-spurt. On the 

contrary, it is recognized that an even pacing pattern is considered energetically 

optimal in swimming (Thompson et al. 2004), due to the high resistive forces of water. 

Even small changes in swim velocity are critical, as any increase in velocity raises 

energy expenditure substantially (Lipinska et al. 2016). The contrast between real-

world observations and theoretical models might be resolved by examining energy 

expenditure during simulated competitions. Foster et al. demonstrated that cyclists 

conserve some anaerobic energy during races, highlighting that athletes strategically 

manage their energy resources to optimize performance (Foster et al. 2003). In the 

context of the third study in this thesis (Neuloh et al. 2024), where two swimmers 

competed head-to-head with the goal of outsprinting the opponent in the final 200 m 

to secure victory, both athletes were motivated to transition from even pacing to an 

end-spurt strategy. This transition could be facilitated by a larger mobilization of the 

available anaerobic energy reserves, as indicated by elevated blood lactate 

concentrations.  

 

Another layer of support for the motivational aspect driving a more substantial end-

spurt lies in the observation that winners displayed a more pronounced end-spurt 

compared to losers, despite similar metabolic disturbances (Neuloh et al. 2024). In the 

context of a head-to-head competition, the primary objective is to outperform the 

opponent, therefore no improvement in finishing time was found. It is suggested that 

there is an anaerobic energy reserve that could potentially be accessed through 

motivation-triggered commands, as previously suggested by Corbett et al. (Corbett et 

al. 2012). Within this framework, it is understood that winners exhibit heightened 

motivation due to leading (Iso-Ahola and Dotson 2016), while losers experience a 
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dampened motivation owing to the prospect of losing the race, which eventually 

enables winners  to tap into their anaerobic reserves more extensively. The result is a 

more pronounced end-spurt without a competitor. These findings align with two cycling 

studies conducted over distances of 16.1 km (Williams et al. 2015) and 70 km 

(Venhorst et al. 2018b). Both studies demonstrated a delineation between perceived 

effort and performance outcome. It can be speculated that winners exhibited an 

upsurge in affect and motivation in contrast to their individual trials, simultaneously 

diminishing their attention to or intensity of perceived effort. In contrast, losers 

demonstrated a negative affective state and a shift in mindset indicative of disengaging 

from their initial goals (Williams et al. 2015; Venhorst et al. 2018b). These distinct 

responses correspond with variations in endocrinological stress responses and 

performance outcomes (Venhorst et al. 2018a). There appears to exist an intricate 

interplay between exercise intensity and affective-motivational states (Corbett et al. 

2012). The elevation in anaerobic energy production seems to be rooted in the notion 

of a metabolic reserve that is centrally regulated. This underscores the potential 

influence of psychological factors in the regulation of exercise intensity, related to the 

dynamic interaction between interoceptive and cognitive elements within affective-

motivational states (Ekkekakis et al. 2011).  

 

Coaches and sports scientists should acknowledge that an end-spurt is a prevalent 

tactic among most swimmers, especially among those who secure medals. A greater 

end-spurt was associated with better seasonal best time, higher performance level of 

the swimmer, longer race distance, and being closer to the main peak of the season. 

Swimmers appear to derive a positive stimulus from an opponent, enabling them to 

execute a more pronounced end-spurt by increasing their metabolic tolerance level. 

Notably, even though both winners and losers in a head-to-head race experience 

comparable metabolic disturbance, the race is often decided by the greater end-spurt 

executed by the winner. It is conjectured that the presence of an opponent triggers 

access to an anaerobic energy reserve, facilitated through a command activated by 

the motivational stimulus inherent to a head-to-head competition. 
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7 Future research and directions 
 

The ongoing aim remains to find the most effective pacing behaviour in 

swimming and to improve overall performance. The investigation of end-spurt 

behaviour is the first step to get a better understanding on optimal pacing. However, 

further steps will have to follow. 

The design of the ESI allows researcher to investigate the end-spurt with a clear 

statistical rational. It was shown that swimmers generally execute an end-spurt and 

medallists in particular show a greater end-spurt compared to non-medallists. A greater 

end-spurt is also associated with a better finishing time. This is also the case when 

they swim against an opponent or receive virtual pacing assistance. It seems that 

swimmers experience a positive stimulus from a performance-matched opponent and 

virtual pacing assistance due to a higher metabolic tolerance level. A head-to-head 

race is won by a greater end-spurt, although losers were experiencing a similar 

metabolic disturbance compared to winners. In this thesis, it is speculated that the 

presence of a performance-matched opponent facilitates the mobilization of anaerobic 

energy reserves through a central command based on the motivational stimulus of a 

head-to-head race. 

For future research, it is suggested to account for individual differences in physiological 

and psychological factors to gain a better understanding of why a performance-

matched opponent facilitates a greater end-spurt in swimming. Although the access to 

swimmers for extensive research is limited, it is recommended to increase participants 

for future studies and also investigate different race distances.  
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Appendix 
 
The appendix includes the original manuscripts in the following order: 

 

1. The effect of forced even pacing and an opponent on end-spurt behaviour in 

freestyle pool swimming. 

2. The association of end-spurt behaviour with seasonal best time in long-distance 

freestyle pool swimming: End-spurt in freestyle swimming.  

3. Analysis of end-spurt behaviour in elite 800-m and 1500-m freestyle swimming.  
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