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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 ES| (P<.001, f2=0.04).
A significant effect on greater ESI| was also observed for longer distance (P<.001,
2=0.06) and higher performance level (P<.001, >=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

12
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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.
Awell-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
17
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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

18



Dissertation- Joshua E. Neuloh

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; Lipinska 2009; Lipinska 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 (Lipinska 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 (Lipinska 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 (Lipinska 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 (Lipinska 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. 2014Db). 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 (Bachlin and Troster 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. Zaton and
Szczepan have developed a wireless communication device that enhances the quality
and flow of verbal information between coaches and swimmers (Zaton 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, ltaly), 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). Bachlin and Troster developed a model that utilizes
accelerometers and proposed a methodology for measuring the overall efficiency of
swimming (Bachlin and Troster 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).

25



Dissertation- Joshua E. Neuloh

3 End-spurt

The end-spurt in swimming is a phenomenon that occurs during the final stages
of a race (Abbiss and Laursen 2008; Hotub 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
(Forster 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 (Lipinska 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
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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, ES| 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 (1.24£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%
Cl: 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, 2=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, =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.I
1. P<.001) and FET (+1.01 mmol.I''; 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 (Lipinska et
al. 2016; Lipinska 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; Lipinska 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 (Lipinska 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 (Lipinska 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 (Lipinska 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 (Lipinska 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 (L6pez-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 ESl 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 (Lipinska 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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spurt behaviour in freestyle pool swimming
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To investigate the effect of forced even pacing through virtual pacing assistance and
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Email: j.neuloh@mail.com and triathletes were recruited. There were four 1500 m freestyle trials: (i) famil-

iarisation time trial, (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). 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 physi-
ological parameters (lactate, cortisol, noradrenaline and 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 > O greater end-spurt). Swimmers demonstrated a significantly greater ES|
in FET (+2.6; p < 0.001) and CTT (+1.4; p = 0.022) compared to STT. Blood lactate
concentration in FET (+1.0 mmol L™} p < 0.001) and CTT (+1.6 mmol L%
p < 0.001) was significantly higher than in STT. Winners had a significantly greater
ESI than losers in CTT (+1.6 and p = 0.005). Swimmers utilised a greater end-spurt
through metabolically optimal forced even pacing by virtual pacing assistance and in
a head-to-head competition due a larger mobilisation of anaerobic reserves as
indicated by greater blood lactate concentrations. Winners had a significantly
greater end-spurt than losers despite similar metabolic disturbances.
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» Compared to a self-paced time trial, swimmers in a forced even pacing trial by virtual pacing
assistance and in a head-to-head competition execute a greater end-spurt.

» The larger end-spurt is associated with larger mobilisation of anaerobic reserves as indi-
cated by greater blood lactate concentrations.

® Winners had a significantly greater end-spurt than losers despite similar metabolic
disturbances.
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1 | INTRODUCTION

The presence of an end-spurt in 1500 m freestyle pool races has been
well described previously (Lipinska et al., 2016; Mytton et al., 2015;
Neuloh et al, 2020). Figueiredo et al. (2011) analysed the energy
contribution of each 50 m lap during simulated competitions finding
that the energy costs in the last lap was second highest after the start
lap in 200 m freestyle. Still, a more even pacing strategy is considered
energetically optimal in swimming (Thompson et al., 2004) due to the
high restive forces of water. Even small changes in the swim velocity
are accepted to be very critical as any increase in velocity raises energy
expenditure substantially (Lipinska et al., 2016). However, Skorski
et al. (2014) found that moderate manipulation through an opponent in
400 m freestyle swimming races had a positive impact in the final
stages of the race (Skorski et al., 2014). Particularly, the winners and
medallists in elite competitive events seem to be able to mobilise
greater fractions of anaerobic reserves to outsprint their competitors
during the final metres (Neuloh et al, 2020). The presence of a
competitor shifts the focus towards beating the opponent rather than
utilising the energetically optimal even pacing strategy to achieve the
fastest possible finishing time (Abbiss et al., 2008; Foster et al., 1994;
Mauger et al., 2012). As such, the primary goal of a swimmer during
competitions is to achieve the best possible position, whilst achieving a
personal best time may become a secondary objective (Menting
et al., 2019). This might be especially true in important races, such as
World championships or Olympic Games, where success is rated by the
colour of the medal. To evaluate the end-spurt scientifically, an ‘End-
spurt indicator’ (ESI; arbitrary units) was designed by Neuloh
et al. (2020). To define an individual ESI per race and subject, the dif-
ference between the swim velocity in the last lap and the corre-
sponding velocity of the middle part of the race is divided by the
respective individual standard deviation of the swim velocity in the
middle part of the race (For further details, see Neuloh et al,, 2020).
Swimmers typically perform an end-spurt in 1500 m freestyle with the
magnitude being affected by the anticipated finishing position and the
importance of the race (Neuloh et al., 2020). Consequently, greater
end-spurts have been reported in head-to-head races in which success
is determined by marginally performing better than the opponents
(Neuloh et al., 2022) but only when the athletes believe they can beat
the opponent (Crivoi do Carmo et al., 2022).

Multiple studies in cycling (Crivoi do Carmo et al., 2022; Konings
et al,, 2016; Konings et al,, 2017; Venhorst et al., 2018b; Williams
et al., 2015; Wilmore, 1968) and running (Tomazini et al., 2015)
showed that an opponent is an essential determinant of pacing
regulation. It was found that the presence of an opponent in cycling
influenced end-spurt behaviour with the magnitude of the end-spurt
depending on the performance goal (Crivoi do Carmo et al., 2022).
For example, Corbett et al. (2012) observed an increased anaerobic
energy supply (indicated by higher maximal blood lactate concen-
trations) when cyclists competed in virtual competitions against an
opponent, which could not be mobilised in individual time trials.
However, racing and losing against a faster opponent can negatively
impact end-spurt behaviour through decreased self-efficacy and

motivation in the final stages of the race (Crivoi do Carmo
et al., 2022). Falling behind an opponent clearly is a negative affective
event in goal-striving associated with a greater endocrinological
distress response as indicated using higher levels of cortisol and
noradrenaline concentrations in losers compared to winners during
head-to-head-competitions (Venhorst et al., 2018b). Thus, the pres-
ence of opponents per se and the competition outcome are important
factors in the decision-making process to execute an end-spurt
(Hettinga et al., 2017; Konings et al., 2018; Renfree et al., 2014).

So far, the pacing literature in swimming has retrospectively ana-
lysed end-spurt behaviour in 800 and 1500 m in competitions (Neuloh
etal,, 2022). The direct influence of forced even pacing through virtual
pacing assistance (assumingly energetically optimal) and an opponent
on end spurt behaviour in swimming is still unknown. Moreover, the
physiological underpinnings of an end-spurt considering differential
responses in winners have not yet been investigated.

Therefore, the aim of the current study was to investigate the
effect of forced even pacing through virtual pacing assistance and an
opponent on swimmers' end-spurt behaviour, including related phys-
iological underpinnings. It was hypothesised that forced even pacing
through virtual pacing assistance and an opponent leads to a greater
end-spurt compared to an individual time trial due to greater mobi-
lisation of anaerobic energy reserves. Furthermore, it was hypoth-
esised that the head-to-head competition would elicit a greater stress
response and that winners would demonstrate an absolute (and rela-
tive to a self-paced time trial [STT]) greater end-spurt than losers.

2 | METHODS
2.1 | Participants

Twenty-seven competitive swimmers and triathletes (11 female; age:
18 = 2.54 years, height: 181.6 + 7.8 cm and weight: 70.2 + 8.20 kg)
were recruited. All participants were highly trained and competed at
the national level in their respective sport (mean: 549.90 + 81.25,
min: 476.37 and max: 650.99 Swimming Points by World Aquatics for
their 1500 m freestyle personal best time) corresponding to Tier 3 in
a novel participation classification framework of McKay et al. (2022).

Out of 27 swimmers, six participants dropped out at various
points during the study due to injury or illness. Therefare, only 21
swimmers completed all trials. Due to strict matching and perfor-
mance criteria, 9 swimmers were excluded and eventually 12 swim-
mers (11 pool swimmers and one triathlete) met the criteria for the
head-to-head competition and the forced even pacing time trial (FET)
and were subsequently included in the analysis. To ensure a
competitive environment during the end-spurt, pairs with a gap of
more than one body length (i.e. ~1.7 s) apart at the 1300 m turn were
excluded. During the FET, athletes who were more than 10.5 s behind
the set pace at the 1450 m turn have also been excluded to ensure
that the swimmer followed the pre-set even pacing pattern. This
benchmark is based on a mean difference of 10 s between first and
third finishing place at the World Championships 2003-2019 in
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1500 m freestyle (Lara et al., 2021). Anthropometric and perfor-
mance data of swimmers included in the study can be found in
Table 1. All participants provided prior written informed consent to
the procedures used in this study, which were approved by the local
ethics committee (Kenn-Nr. 34/21) and carried out in accordance
with the Declaration of Helsinki.

2.2 | Study design

All participants completed four trials with 1 week between sessions.
The first trial was a baseline STT for familiarisation (FAM). There-
after, swimmers completed three 1500 m trials in set order: a STT, a
head-to-head competition time trial (CTT) and a FET using the Virtual
Swim Trainer System (VST). The FAM test acted as a familiarisation
time trial (FAM), and the STT was a STT without an opponent. The
fastest of both finishing times (FAM and STT) was used to match
swimmers for the CTT to ensure that swimmers were matched on
their best performance capabilities. The finishing times and matches
were not shared with the participants until the start of the CTT. The
finishing time from CTT was the evenly distributed set pace for FET.
Accordingly, no randomisation of the trial sequence was possible.
Swimmers were asked to log their training, recovery training and diet
before the first trial and replicate it accordingly for subsequent trials.
All trials were completed at the same time of day to minimise diurnal
biological variation (in assessed physiological parameters). The par-
ticipants have been advised to reduce the training load 48 h prior to
each session and prepare in the same manner as they would for a
competition. The warm-up before the trials consisted of 800 m self-
selected training followed by an ~20 min delayed start. The partici-
pants completed all trials in freestyle, as this is the only stroke
offered in swimming competitions for 1500 m.

2.3 | Session 1-FAM

In session 1, swimmers completed a 1500-m freestyle solo swim from
a push start. The push start has been used to ease following the
pacing lights from the start, and therefore, all time trials have been
started with the same technique.

TABLE 1 Anthropometric and performance level data.

Male (n = 8) Female (n = 4)
Anthropometric data
Age (years) 17+ 2 17+ 3
Stature (cm) 184 + 9 171+ 5
Body mass (kg) 748 + 78 60.6 + 4.5

Performance |evel data

Personal best time (min: 17:39.41 + 4886 20:44.17 + 109.79

ss.hh)

Swimming Points 56191 + 70.00 420.90 + 109.66

(ehst WILEY

24 | Session 2—STT

In session 2, swimmers completed a 1500-m freestyle solo swim from

a push start equal to session ane.

2.5 | Session 3—Head-to-head CTT

Insession 3, swimmers completed a 1500 m head-to-head competition.
To ensure a head-to-head-competition with uncertain outcomes,
swimmers were matched as closely as possible in pairs based on the
fastest finishing time of the slower swimmer from FAM and STT. The
mean difference of all pairs was 5.92 + 6.30 s (maximum 19.56 s,
minimum: O s). This mean difference is considerably lower than the
mean difference of 10 s between first and third finishing place at the
World Championships 2003-2019 in 1500 m freestyle (Lara
et al,, 2021). The time was programmed into the VST (Indico Tech-
nologies; see below) evenly and both swimmers followed the lights for
the first 1300 m. For the last 200 m, the VST was stopped and both
swimmers were encouraged to race each other and beat the opponent
without any pacing feedback. The separation of 200 m was based on
previous findings revealing the lowest mean swim velocity at around
1300 m and leaving enough room for tactical considerations by the
swimmers before the end-spurt (Neuloh et al., 2022). As a secondary
goal, swimmers were encouraged to finish the trial in the shortest

possible time independent of the head-to-head competition outcome.

2.6 | Session 4—FET

In session four, swimmers had to complete a 1500 m trial with a
forced even pacing. The pace was set based on their finishing time
from CTT with the VST being programmed to distribute the CTT
finishing time evenly among the 1500 m. This trial was conducted as
a solo swim. Swimmers were encouraged to keep up with the target
light until 1450 m without falling behind the LED lights by more than
one body length and were then allowed to out sprint the pacing lights
on the last 50 m if possible.

2.7 | Virtual Swim Trainer system

The VST (Indico Technologies) was used in the CTT and FET trials. The
light feedback system comprised of waterproof LED lights placed on
the bottom of the pool throughout 50 m in the middle of the swim lane.
The LED stripe was held down by small weights placed every ~4-5m.
The lights have been pre-programmed through the Swim Session
Creator (Indico Technologies) and imported into the control panel (VST
17) of the Virtual Swim Trainer. For all testing sessions, including the
lights condition, the LED stripes were programmed for even pacing on
all 50 m split times according to the length of the pool (50 m). Every turn
was indicated by a static white light 1.5 m before the wall and every
push-off the wall by a static white light by 7 m after the wall. The light
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feedback through the turn was set for all swimmers at 1.5 s for the spin
and 3.6 s for the push-off, which is the standard selection in the VST for
competitive swimmers and in accordance with previous findings

(Morais et al., 2019; Weimar et al.,, 2019).

2.8 | Measurements

Before the warm-up of the first trial, each participant had their age
and body mass recorded. During each time trial, split times were
taken every 50 m using handheld stopwatches (Interval 2000, Niel-
sen Kellermann) by skilled swim coaches to ensure the pacing was
precise and to account for individual end-spurt behaviour.

Heart rate was measured constantly through Polar OH1 optical
heart rate sensor (Polar Electro Oy), which was placed under the
swim cap at the temple. Heart rate data were collected from all
sessions and stored in the internal memory of the devices. After
completion of each session, data were uploaded to Polar Flow (Polar
Electro Oy) and then exported to Microsoft Excel (Microsoft soft-
ware, Microsoft Corporation).

Venous blood samples from a superficial antecubital vein were
taken in a supine position for (a) cortisol 1 min before swim start at rest
and 15 min after each trial, (b) noradrenaline 1 min before swimstart at
rest and 1 min after each trial and (c) haemoglobin 1 min before swim
start at rest and 1 min after each trial. The blood samples were placed
into pre-chilled vacutainers containing K,-ethylenediaminetetraacetic
acid for the analysis of noradrenaline and red blood cell count and
serum clot activator for the analysis of cortisol. Where appropriate,
samples were inverted four times, immediately centrifuged at
3000 rpm for 10 min, plasma/serum pipetted off and kept cool until
stored at —80°C for subsequent analysis. Noradrenaline was analysed
by means of a chemical and enzymatic derivatisation linked to an
immunosorbent assay (2-Cat ELISA) (Beckmann Coulter). Cortisol was
determined through chemiluminescence immunoassay using an Access
2 (Beckmann Coulter). The degree of haemoconcentration was calcu-
lated, and all blood samples were subsequently corrected for plasma
volume changes (Dill et al., 1974). Capillary blood (5 uL) was collected
from an earlobe 1 min before the start and 3 min after each trial to
determine peak lactate concentration and placed into a glass capillary
(20 pL), which was then stored in a container with haemolysing solu-
tion. Subsequently, blood lactate concentrations (mmol L™Y) were
analysed through an enzymatically amperometric procedure using
Super GL (Greiner DiaSys).

2.9 | Statistical analysis

Statistical analyses were conducted using SPSS 21 (IBM). Data were
tested for normality, equality of variances, equality of covariance
matrices and sphericity. When the assumption of sphericity was
violated, Greenhouse-Geisser correction was performed. Results are
reported as mean + SD and a-error of p < 0.05 was accepted as the
level of significance. Changes in ESI, finishing time and physiological

parameters (lactate, cortisol, noradrenaline and heart rate) were
analysed using a linear mixed model with fixed effects for trials (three
levels: STT, CTT and FET) and a random effect for swimmer identity.
Due to the limited sample size, a separate linear model was computed
with winner/loser (based on outcome of CTT) to further isolate the
difference found and investigate interaction effects. A calculation of
effect size was made using Cohen's d with thresholds of <0.50 for small,
>0.50 for medium and >0.80 for large. The sample size estimation
revealed that 41 participants will be necessary to observe a significant
interaction effect (two-tailed alpha of >0.05, B > 0.80 and d = 0.41,
G*Power, Version 3.1.9.7). This calculation is based on the effect size
found between medallists (finishing place 1-3) and non-medallists
(finishing place 4-8) in ES| at finals at World Championships and
Olympic Games (Neuloh et al., 2020). The limited resources were the
primary reason (limited access to national and international level
swimmers) for the choice of the sample size collected (Lakens, 2022).

3 | RESULTS
3.1 | End-spurt indicator

The main effect on ESI was significant (see Table 2 for all data;
F = 11.0 and p < 0.001). The ESI in FET and CTT was significantly
higher compared to STT with large effect sizes {[p < 0.001 and
d = 1.90] and [p = 0.022 and d = 1.12], respectively). The ESI in the
FET and CTT was on average 2.65 and 1.40 higher than in the STT,
respectively. The ES| in FET was 1.25 higher compared to CTT. This
difference was significant (p = 0.037 and d = 0.079). The interaction
effect of trial and CTT outcome (winner/loser) was significant
(F = 6.0, p < 0.001) with winners showing a significantly greater ESI
(+1.68) than losers in CTT (p = 0.005 and d = 1.44). Losers had a
significantly higher ESI (+1.70) in FET compared to CTT (p = 0.018
and d = 1.08), whereas winners showed no significant differences in
ES| between the two trials (+0.36, p = 0.701 and d = 0.26).

3.2 | Finishing time

Total times from all sessions are shown in Table 2. There was no
significant difference in finishing time between trials (F = 0.5,
p = 0.600). The best mean finishing time was reported in FET with a
difference of 3.66 s to STT and 3.15 s to CTT. The mean difference
between STT and CTT was 0.51 s.

3.3 | Haematological data

The main effect on blood lactate concentration was significant
(F=11.5 and p < 0.001). The blood lactate concentrations in FET and
CTT were significantly higher than in STT. The difference between
FET and STT was 1.01 mmol L™} (p < 0.001; d = 0.04) and between
CTT and STT 1.67 mmol L™t (p < 0.001; d = 0.58). There was no
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TABLE 2 Summary of result in all sessions, main effects and haematological measurements. o
STT cTT FET
(n) 12 12 12 Main effect pvalue® Cohen's d
ESI 0.93 + 0.95 233 +148 3.58 £ 1.65 STT/CTT  <0.001 0.022 112
102.15 (CV) 63.52 (CV] 46.08 (CV) STT/FET <0.001 1.90
CTT/FET 0.037 079
Finishing time (mm:ss.hh) 18:29.71 + 1:40.34  18:29.21 + 1:33.66  18:26.06 + 1:36.72 STT/CTT  >0.600 - -
9.04 (CV) 8.44 (CV) 8.74 (CV) STT/FET
CTT/FET
Heartrate @ 168.60 + 24.89 16175 + 29.44 162.26 + 28.43 STT/CTT  >0.279 =) ]
14.76 (CV) 18.20 (CV) 17.52 (CV) STT/FET
CTT/FET
Lactate (mmol L™ 424 + 181 519 + 141 526 + 1.64 STT/CTT <0.001 <0.001 0.58
42.69 (CV) 27.17 (CV) 31.18 (CV) STT/FET 0.008 0.04
CTT/FET 0.076 059
Cortisol (ug/dL) 6.23 + 3.00 870 +£ 324 7.18 + 2.69 STT/CTT >0.07 - -
48.15 (CV) 37.24 (CV) 37.47 (CV) STT/FET
CTT/FET
Noradrenaline 343 £ 131 295+ 103 262 +122 STT/CTT  >0.205 - -
38.19 (CV) 34.92 (CV) 46.56 (CV) STT/FET
CTT/FET

Abbreviations: CTT, competition time trial; CV, coefficient of variance; ESI, end-spurt indicator; FET, forced even pacing time trial; STT, self-paced time

trial.
#Post hoc test.

significant difference between FET and CTT (0.65 mmol L™t and
p = 0.118). We found a significant interaction effect between trial
and winner/loser (F = 4.6 and p < 0.001). On average, swimmers had
a significantly higher blood lactate concentration in CTT than in STT
(p =0.003) and FET (p = 0.010), respectively. There was no significant
difference between winner/loser in CTT (p = 0.216). The main effect
on heart rate (F = 1.4 and p = 0.279), cortisol (F = 3.0 and p = 0.073)
and noradrenaline (F = 1.7 and p = 0.205) was not significant.
Although it did not reach the significance level (p = 0.07), blood
cortisol concentrations were 2.47 pg/dL higher in CTT compared to
STT (d = 2.74).

4 | DISCUSSION

The main findings of the present study were (i) swimmers execute a
greater end-spurt through forced even pacing by virtual pacing
assistance and in the presence of an opponent as compared to self-
pacing, (i) this is paralleled with a larger mobilisation of anaerobic
reserves as indicated by greater blood lactate concentrations and (iii)
winners had a significantly greater end-spurt than losers despite
similar metabolic disturbances.

Swimmers showed a greater end-spurt through forced even
pacing by using virtual pacing assistance and predicted greater
tolerance of metabolic disturbance, which is supported by higher
blood lactate concentrations. Swimmers were guided to evenly pace
the first 1450 m and then outsprint the pacing lights where possible.
As there was no competitive opponent in FET opposed to CTT, we
suggest that swimmers were able to perform an end-spurt and access
the anaerobic reserves to a greater extend by profiting from a more
energetically optimal even pace in the first stages of the trial. It is
generally accepted that mathematically and energetically an even
pacing pattern in 1500 m freestyle swimming is optimal (McGibbon
et al, 2018) and even small variations in the pacing strategy may
have a substantial influence on the performance outcome (de Koning
et al,, 1999). Looking at the energy expenditure during virtual even
pacing assistance in cycling, it was found that athletes had a higher
power output assisted by greater anaerobic energy contribution in
the end-spurt, whereas the aerobic energy yield remained unchanged
(Corbett et al., 2012). Foster et al. (2003) also showed that cyclists
reserve some anaerobic energy during simulated competition, and it
is understood that athletes monitor their energetic resources in a
manner designed to optimise performance outcome. We propose

that there is a positive effect through forced even pacing by virtual
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pacing assistance influencing the degree of metabolic stress that can
be tolerated by swimmers.

Another argument could be the focus on achieving a better fin-
ishing time rather than beating an opponent. The external guidance
(through the VST) can be assumed to represent a motivational factor
for the swimmer, where the knowledge of being able to swim at the
set pace and visual confirmation of it improves end-spurt (Corbett
et al., 2012). Although there are no supporting studies in swimming, it
can be suggested from our findings and studies in other sports
(Noakes et al., 2004; Williams et al., 2015) that forced even pacing by
virtual pacing assistance through the VST also could have a motiva-
tional effect. In cycling, it was found that a simulated avatar serving
as an opponent but actually representing the fastest previous per-
formance of the athlete, improved time trial performance and end
spurt (Williams et al, 2015). It was suggested that an increase in
motivation positively influenced the willingness to exert the required
effort, tolerate the associated physical discomfort of intensified
performance and overcome negative factors, such as fatigue (Noakes
et al., 2004; Williams et al., 2015).

It is generally accepted that athletes perform better in head-to-
head competitions (Tomazini et al., 2015; Williams et al, 2015;
Wilmore, 1968) than when exercising alone. The finding that swim-
mers showed a greater end-spurt, while swimming in a head-to-head
competition compared to a self-paced trial is also in agreement with a
recent study by Neuloh et al. (2020), who found that the end-spurt is
associated with the finishing position and that medallists performed a
more pronounced end-spurt than (Neuloh
et al., 2020). As suggested by Corbett et al. (2012), the anaerobic
energy reserve seems to be mobilised to a higher degree during

non-medallists

competitions and needs to be accompanied by a greater tolerance of
the metabolic stress (i.e., higher blood lactate concentrations) and
associated physical discomfort. Konings et al. (2018) suggested that
the behaviour of opponents is an essential determinant in the regu-
lation of exercise intensity. It was shown that the competitive envi-
ronment and the current internal state of the athlete influence the
pacing behaviour related to an opponent. Thus, the decision-making
process of the athlete to elicit an end-spurt or not is underpinned
by biopsychosocial interactions.

In the current study, two swimmers were competing head-to-
head against a closely matched competitor. Given an uncertain
outcome as indicated by the (trend for a) higher blood cortisol con-
centrations in the CTT, both swimmers were motivated to change
their pacing strategy from even to an end-spurt and outsprint the
opponent to win the race. The main aim in the CTT was to beat the
opponent. It can reasonably be assumed that the winner in CTT felt
motivated by being ahead and losers demotivated by the prospect of
losing the race. Accordingly, winners were willing to access anaerobic
reserves to a greater extent (as indicated by higher blood lactate
concentrations) resulting in a greater end-spurt compared losers and
their own STT.

On the other hand, falling behind a performance matched
competitor can clearly be conceived as a demotivational and negative

affective event in goal-striving in competitive athletes (Venhorst

et al., 2018b). Accordingly, it has been shown that losers of head-to-
head competition disengage from their initially set goal of winning
and settle for a lesser goal, such as merely finishing the race (Crivoi
do Carmo et al., 2022). This also explains the slightly better mean
finishing time of all swimmers in FET compared to CTT as the
motivational effect of winning is diminished by the demotivational
effect of losing. Accordingly, Crivoi do Carmo et al. (2022) found that
the presence of an opponent did not change overall performance, but
differentially influenced pacing behaviour depending on the
perceived outcome of winning or losing a race against an opponent

and the respective maintenance or loss of self-confidence.

5 | LIMITATIONS AND SCOPE

The main limitation of the current study is the sample size as it is
inherently difficult to recruit national level competitive swimmers. Due
to dropouts and the application of strict matching criteria to ensure a
competitive environment, all swimmers being more than 1.7 s behind
the opponent in the CTT or 10.5 s behind the pacing light in FET were
excluded from the analysis further reducing sample size. Moreover, the
problem of imperfect matching of swimmers cannot be evaded. This is
highlighted by the fact that winners in CTT also have been the swim-
mers with the faster time in FAM or STT, though there is always going
to be one swimmer with a faster best time going into a matched head-
to-head race. To prevent the confounder that swimmers may have
changed their performance outcome in FAM or STT based on tactical
reasons (to receive a slower opponent in CTT) was prevented by not
sharing results and matching criteria. In fact, the trend for higher blood
cortisol concentrations in CTT is indicative of a heightened stress
response due to uncertain competition outcomes. The greater end-
spurt in FET compared to CTT is due to the fact of comparing group
means, where losers had a lower or no end-spurt in CTT, which affects
the group mean of CTT when compared to FET. Losers were tapering
off in CTT once they realised that they will lose.

It is generally accepted that a race against an opponent leads to
greater motivation and that losing against a performance matched
opponent is a demotivational and distressful event (Venhorst
et al., 2018a). Given the objective difficulties in assessing motiva-
tional aspects through questionnaires or scales in swimming, there
was no data collection on psychological aspects.

6 | CONCLUSION

This study investigated the influence of forced even pacing through
virtual pacing assistance and an opponent on end-spurt behaviour
and its physiological underpinnings. Swimmers performed a greater
end-spurt through metabolically optimal forced even pacing by vir-
tual pacing assistance and in the presence of an opponent due a
larger mobilisation of anaerobic reserves as indicated by greater
blood lactate concentrations. Winners had a significantly greater
end-spurt than losers despite similar metabolic disturbances.
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ABSTRACT

To analyse the association of seasonal best time, distance and different performance levels with
end-spurt behaviour in one swimming season. Race results in 800 and 1500 m pool freestyle
swimming in the season 2018/2019 including 14,930 races and 2650 swimmers were obtained.
The end-spurt for each race was determined by means of an End-Spurt Indicator (ESI).
Subsequently, ES| 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. In the 800 and 1500 m races swimmers showed a mean ES| of 2.08 (95% Cl: 2.02-2.13}
and 3.68 (95% Cl: 3.59-3.76), respectively. There was a significant association between seasonal
best time and ESI, with a better seasonal best time showing a greater ES| (F=70.5, P < .001, £=
0.04). A significant effect on greater ES| was also observed for longer distance (F=1067.5, P
<.001, £=0.06) and higher performance level (F=91.1, P < .001, £=0.02). Elite swimmers had a
mean ES| of 547 (95% Cl: 491-6.03), sub-elite swimmers of 3.74 (95% Cl: 3.53-3.95) and
competitive swimmers of 241 (95% CI: 2.37-2.46). 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.

KEYWORDS
Pacing strategy; consistency;
swim velocity; water; sports
performance

(McGibbon et al., 2018). Besides internal factors such
as biomechanical and physiological influences on
pacing, external psychological factors such as competi-
tors might also affect an athlete’s pacing by eliciting
changes in race tactics (Konings et al, 2020). It has
been shown that the reproducibility of pacing profiles
in simulated and real competition trials is good except
for the last part of the race, where the absolute variabil-

Highlights

» Swimmers of all performance levels execute an end-
spurt in 800 and 1500 m freestyle races.

» A greater end-spurt was associated with faster seaso-
nal best time and longer race distance

o Swimmers of higher performance level have greater

end-spurts e i " .
ity increased in real competitions and when a competi-
tor was present (Skorski et al, 2013). Thus, the

i resence of competitors may shift the goal from achiev-
Introduction B H y -

ing the fastest possible time to the best possible
finishing position by beating direct opponents (Abbiss
& Laursen, 2008; Foster et al, 1994; Mauger et al,

In order to reach an endurance event’s endpoint in the
fastest time possible, athletes need to appropriately dis-

tribute their energy expenditure in a way that all avail-
able energetic resources are used, but not too early so
as to avoid premature fatigue and a loss of speed (St
Clair Gibson & Noakes, 2004). In competitions where
the aim is to cover a given race distance in the fastest
time possible, this regulation of speed, power or
energy expenditure is an important factor for the optim-
isation of performance (Tucker & Noakes, 2009). Pacing is
considered to be regulated by complex interactions
between the brain and other physiological systems

2012; Tucker et al., 2006).

Pacing in long-distance swimming pool competitions
is considered an important determinant of success,
especially in the presence of similar individual perform-
ance levels in elite swimmers (Baldassarre et al., 2019;
Lipinska, 2009; Lipinska et al, 2016a, 2016b; Mauger
et al, 2012; Rodriguez & Veiga, 2018). It is important
that swimmers make systematic use of available ener-
getic resources as swimming is regarded more inefficient
than other sports (Barbosa et al, 2010; Lipiriska, 2009).
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This is due to the high resistive properties of the water
and the low mechanical efficiency (de Koning et al.,
2011). Even the front crawl arm pull itself increases
active drag, as the swim velocity changes during the
stroke (Morais et al, 2020). Whereas the mechanical
efficiency of swimming varies between 6-18% (McGib-
bon et al, 2018), 18-24% of energy generated in
cycling is converted into mechanical work (Coyle,
1999). Thus, even small changes in swim velocity can
result in a substantial increase in energy expenditure
and premature fatigue (Thompson et al.,, 2004).

In long-distance freestyle pool events, a parabolically
shaped pacing pattern is consistently observed (McGib-
bon et al.,, 2018), including a fast start, an even middle
part and an increase in speed during the last stages of
the race (Skorski et al., 2014). However, it is not yet com-
pletely understood what effect turn stability has on this
pacing pattern (Morais et al., 2019). Indeed, it was found
that elite long-distance male swimmers showed a
varying turn pattern in the 800 m freestyle race,
although the effect on their final race time is not clear
yet (Morais et al, 2020). On the other hand, it is
evident that in such competitions elite swimmers
execute an end-spurt and medallists show a greater
end-spurt than non-medallists (Neuloh et al,, 2020). A
pronounced end-spurt has also been described in com-
petitions (McGibbon et al, 2018), where success is deter-
mined by performing marginally better than other
competitors to achieve a better finishing position. In
such events, athletes seem to retain a reserve of
energy required for an end-spurt to possibly outsprint
an opponent on the last few metres (Foster et al., 1993).

The majority of the pacing literature has analysed
end-spurts among elite swimmers (Hecksteden et al.,
2015; Konings et al., 2020; Lipinska, 2009; Mytton et al,,
2015; Neuloh et al.,, 2020) without assessing their seaso-
nal best time. Although the ultimate goal at a compe-
tition is to beat all competitors and win the gold
medal, it has been suggested that swimmers simul-
taneously may need to improve their seasonal best
time to stay in contention for a medal (Pyne et al,
2004). Further, it was found that swimmers improve
their seasonal best time as the season advances
towards the main peak competitions (Pyne et al,
2004). Thus, considering seasonal best time might help
elucidating if the end-spurt is an important determinant
of overall performance itself or only follows general per-
formance changes in swimmers (Hecksteden et al., 2015;
Konings et al., 2020; Lipinska, 2009; Mytton et al., 2015;
Neuloh et al.,, 2020).

Whereas the literature has mainly focused on end-
spurt behaviour in elite swimmers, other performance
levels have not been closely investigated so far. It has

been suggested that competitive and sub-elite swim-
mers have more room for improving their pacing skills
due to their lesser experience in racing (Menting et al.,
2019). This leads to the assumption that a lack of
maximum performance capacity (as it is required for
certain pacing strategies) in competitive and sub-elite
swimmers might result in an end-spurt of smaller
magnitude.

In order to analyse end-spurt behaviour in swimming
it has been suggested to make use of the End-Spurt-Indi-
cator (ESI) (Neuloh et al., 2020). This ESl is based on the
mean swim velocity (m/s) and the respective standard
deviation (SD) of each individual swimmer. To define
an individual ESI per race and subject, the difference
between the swim velocity in the last lap (SVLL) and
the corresponding velocity of the middle part of the
race (SYMP) is divided by the respective individual SD
of SYMP (Neuloh et al, 2020). An evaluation of group
means as often done in the current pacing literature is
of little value with respect to the individual athlete
(Neuloh et al, 2020). When analysing the end-spurt
behaviour within one athlete it is beneficial to consider
the intra-individual variability during the middle part
of the individual race, which is consistent with research
on individual responses to exercise training (Atkinson &
Batterham, 2015; Hecksteden et al., 2015).

Therefore, the current study aimed to quantify and
analyse end-spurt behaviour in long-distance pool
swimming events and its relationship with seasonal
best time, distance and performance level by use of
the ESI. It was hypothesised that a greater ESI is posi-
tively associated with better overall performance,
longer race distance and higher performance level.

Methods
Subjects

The database www.swimranking.net (Splash Software
Ltd., Switzerland; 2 April 2020) holds complete race
information on 45,967 swim races in 800 m freestyle
and 22,669 ones in 1500 m freestyle during the season
2018/2019 (1 September 2018-31 August 31 2019).
These data were used to classify swimmers into three
groups (elite swimmers: >900 FINA points; sub-elite
swimmers: 800-899.99 FINA points; competitive swim-
mers: <799.99 FINA points) by identifying their best per-
formance in the season based on FINA points. The FINA
points metric is based on the world record and calcu-
lated accordingly. The total race time of elite, sub-elite,
and competitive swimmers stays below 110%, between
110% and 120%, and above 120% of the world record,
respectively (Menting et al., 2019). All swimmers with
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less than three registered competitions over the whole
season were removed (minimum requirement for mean-
ingful intra-individual variability) from this analysis,
leaving 177 elite, 1006 sub-elite and 13,747 competitive
swimmers races, with 10,614 races in the 800 m and
4316 races in the 1500 m, respectively (Table 1). The
mean of competitions by each swimmer was 4.05
(1.39) and a maximum of 13 competitions in the 800 m
and 3.72 (1.04) and a maximum of 9 competitions in
the 1500 m.

All procedures in this study were in accordance with
the declaration of Helsinki. It was not necessary to
obtain informed consent from swimmers because only
publicly accessible information was utilised, and all
data were anonymised before conducting the analysis.

End-spurt indicator

To evaluate the end-spurt, the “End-Spurt Indicator”
(ESI; arbitrary units) suggested by Neuloh et al. (2020)
was used (Neuloh et al, 2020). This ESI is based on
the mean swim velocity (m/s) and the respective stan-
dard deviation (SD) of each individual swimmer. Due to
the rapid acceleration caused by the diving start, the
first 50 m split is not included when calculating mean
swim velocity. The last lap was also excluded as it
was used as the reference split for the ESI calculation
(Morais et al., 2019, 2020). Therefore, the velocity of
the middle part (SVMP) of the race was calculated
using the individual mean (SD) speed in the laps 2-
15, and 2-29 in the 800 and 1500 m race, respectively.
To define an individual ESI per race and subject, the
difference between the swim velocity in the last lap
(SVLL) and the cerresponding SVMP was divided by
the respective individual SD of SVMP [see Neuloh
et al. (2020) for additional information] {(Neuloh et al.,
2020). In the current study, the following fixed
threshold value was used: ES| was defined when the
value was > 0.

Events

Overall, the current analysis included 513 national and
15 international competitions. The total number of
races (800 m: n=10,614; 1500 m: n=4316) included
11,215 (800 m: n=8013; 1500 m: n=3202) heat and

Table 1. Number of races repeated by all subjects.
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3715 (800 m: n=2601; 1500 m: n =1114) final perform-
ances. Race data in the www.swimrankings.net database
are based on information from the European Swimming
Federation (LEN) database and the results from the
Belgian, Canadian, Dutch, Polish, Portuguese, and
Swiss federations. Each race report includes a subject
identification number for each swimmer, the name and
date of the competition, distance, 50 m split times (s)
and the total completion time (s). To examine intra-sea-
sonal differences in ESl, the 2018/2019 season was
divided into three season cycles. The Pre-Season (1 Sep-
tember 2018-31 January 2019), Main-Season (1 February
2019-31 May 2019) and Main-Peak-Season (1 June
2019-31 August 2019) included 1659, 7369, and 5902
races, respectively. These season cycles are typical for
the European competition calendar in swimming,
where the season starts in September with a general
preparation phase, followed by a specific training
phase and ends with main peak competitions in June,
July, or August (typically when the main event occurs,
e.g. National, Eurcpean and World Championships). All
events were swum in a long-course (50 m) pool. In all
events semi- or full-automatic officiating equipment
was used under the supervision of appointed officials
and recorded to one-hundredth of a second to deter-
mine total times, as well as 50 m split times (according
to FINA swimming rules).

Statistical analysis

Statistical analyses were conducted using SPSS 21 (IBM,
New York, USA). A Kolmogorov-Smirnov-Test demon-
strated that overall performance data were normally dis-
tributed. Thus, data are presented as means and
standard deviation (SD) and analysed using parametric
tests. Because ESI within individual subjects was not nor-
mally distributed descriptive data are presented as
medians.

Changes in ESI were analysed using a linear mixed
model with fixed effects for distance (two levels: 800
and 1500 m), sex (two levels: male and female), perform-
ance level (three |evels: elite, sub-elite and competitive),
season cycle (three levels: Pre-, Main-, and Main- Peak-
Season), competition level (two levels: national and
international), round (two levels: heat and final) and sea-
sonal best time (thirteen levels: best time, second-best

Number of competitions {n)

Subjects (n) Three Four Five Six Seven Eight Nine Ten >Eleven
800 m 2623 1247 674 350 173 94 44 23 12 4
1500 m 1160 660 285 127 58 20 7 1 - -
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time, third-best time etc) and a random effect for
swimmer identity. The number of levels for seasonal
best time refers to the maximum number of swims per
athlete. A separate linear mixed model was computed
with seasonal best times allocated to two performance
categories as an additional effect (two levels: A: first to
third seasonal best time; B: >fourth seasonal best time)
to further isolate the differences found. An a-error of P
< .05 was accepted as the level of significance. A calcu-
lation of effect size was made using Cohen’s # based
on the work by Selya et al. (2012). Thresholds of >0.02
small, >0.15 medium and >0.35 large were used to
assess the practical relevance for the fixed factors
(Selya et al., 2012).

Results
Overall results

Total times in 800 and 1500 m races for males and
females in heats and finals are shown in Table 2. On
average, elite swimmers achieved 889.4 (42.1) FINA
points, sub-elite swimmers 805.4 (41.4) FINA points,
and competitive swimmers 590.5 (95.0) FINA points,
which approximately fits the above criteria. Most of
the best times in the season 2018/2019 were swum in
the Main-Peak-Season (n = 2021) and fewer in the
Main-Season (n = 1571) and Pre-Season (n = 190).
Competitions were on average 43.7 (37.3) and 49.6
(36.7) days apart in the 800 and 1500 m, respectively.
Most swimmers 74.67% (n = 11,346 races) competed
in three registered competitions whereas 25.33% (n =
3584 races) competed in more than three competitions
(Table 1).

End-spurt indicator

In the 800 and 1500 m races swimmers showed a mean
ESI of 2.08 (95% Cl: 2.02-2.13) and 3.68 (95% CI: 3.59-
3.76), respectively. Male swimmers had a lower mean

Table 2. Number of races and age at competition for all subjects
(n=2650; n in table reflects number of races included).

Age Heat total time Final total time
(years) {min) {min)
Male (n = 8140)
800 m (n= 172(41)  9:06.18 {44.01) 8:59.58 (38.84)
5296)
1500 m {n = 171 (26)  16:57.78 (59.39) 16:50.78 {53.44)
2844)
Female {n = 6790)
800 m (n= 164 (3.7) 94199 (37.25) 9:40.18 (40.46)
5318)
1500 m (n= 169 (3.2)  18:15.45 (59.91) 17:59.95 {60.40)
1472)

Data is shown as mean and standard deviation {SD).

ESI (2.48; 95% Cl. 2.41-2.55) than female swimmers
(2.61; 95% Cl: 2.55-2.68). Elite swimmers had a mean
ESI of 547 (95% Cl: 4.91-6.03), sub-¢lite swimmers of
3.74 (95% Cl: 3.53-3.95) and competitive swimmers of
241 (95% Cl: 237-2.46). The EIS increased from 2.46
(95% Cl: 2.60-2.32) in the Pre-Season to 2.53 (95% Cl:
2.60-2.47) in the Main-Season and 2.57 (95% Cl: 2.64-
2.49) in the Main-Peak-Season. A total of 3141 races
(21%) revealed a negative ESI of -0.93 (0.65) on
average, which indicates the absence of an end-spurt.
The median ESI for all swimmers was 1.64 (min: —5.75;
max: 24.77) in the 800 m and 3.17 (min: —4.04; max:
25.79) in the 1500 m.

A significant but small effect on ESI was observed for
distance (F=1067.5, P < .001, £ =0.06) and performance
level (F=91.1, P<.001, £=0.02). The effect of season
cycle (F=22.3, P<.001, £=0.00) and sex (F=59.3, P
<001, A=000) was also significant. Seasonal best
time was significantly (small effect) associated with ESI
with a faster seasonal best time indicating a greater
ESI (F=70.5, P <001, £ =0.04). No significant effect on
ESI was found for competition level (F=1.2, P=.28,
£=0.00) and round (F=2.1, P=.15, £=0.00). Between
subject standard deviation was 1.17 (95% Cl: 1.11-
1.23); relative variance component subject ID=
17.94%, while 82.06% of ESI variance remained unex-
plained. When analysing seasonal best time in two cat-
egories (A: first to third seasonal best time; B: >fourth
seasonal best time), ESI was significantly greater
among category A (2.74; 95% Cl: 2.69-2.79) compared
to B (1.90; 95% Cl: 1.81-1.99; P <.001, = 0.02).

Discussion

This study was designed to analyse end-spurt behaviour
in long-distance freestyle pool swimming by investi-
gating the influence of seasonal best time, performance
level, distance, sex, season cycle, round, and competition
level on end-spurt behaviour within one season. The
main findings were (i) a greater end-spurt is associated
with faster seasonal best times, (ii) swimmers show a
greater end-spurt in the 1500 m than in the 800 m,
and (ji)) elite swimmers have a greater end-spurt than
sub-elite and competitive swimmers.

End-spurt and seasonal best time

In gereral, a greater end-spurt was associated with faster
seasonal best times, and the end-spurt was greater
among swims with the first to third personal seasonal
best time compared to swims classed zfourth seasonal
best time. Recently, Neuloh et al. (2020) found that the
end-spurt is associated with finishing position in elite
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swimmers, and that medallists performed a more pro-
nounced end-spurt than non-medallists (Neuloh et al.,
2020). Collectively, these findings suggest that swim-
mers not only execute a pronounced end-spurt when
the primary aim is to win a medal at Olympic Games
or World Championships it may also assist in achieving
new seasonal best time. However, it is understood that
achieving a new seasonal best time in competitions is
not always the primary goal of the swimmers, but to
beat all competitors and win the gold medal (Mujika
et al., 2019). Therefore, it can be assumed that a strong
end-spurt is important for winning a medal and may
indirectly contribute to an improvement of seasonal
best times, although winning a medal is not always
related to a new seasonal best time.

The performance advantage of an end-spurt stands in
contrast with fluctuations in swim velocity due to the
high resistive properties of water (Morais et al., 2020),
where even small changes in swim velocity can result
in a substantial increase in energy expenditure and
thus premature fatigue (Barbosa et al., 2010). It is gener-
ally accepted that even-pacing with minimal lap-to-lap
variability is biomechanically and physiologically
optimal for long-distance pool swimming (Barbosa
et al,, 2010; Morais et al., 2020). This is despite successful
swimmers showing the ability to produce an end-spurt
at the end of the race in a range of different events
(Lipinska, 2009; Lipinska et al, 2016b; Mytton et al,
2015). Accordingly, there seems to be little support for
realising an end-spurt based on biomechanical, and
physiological grounds. Instead, the control of work rate
by the brain may explain the underlying cause of an
end-spurt. It is recognised that an important factor in
selecting certain pacing strategies is knowledge of the
endpoint of the race (St Clair Gibson et al,, 2006). The
brain controls the power output by regulating motor
unit recruitment based on knowledge of the endpoint,
experience from similar past races and feedback from
environmental and metabolic conditions (St Clair
Gibson et al., 2006). The end-spurt requires greater util-
isation of the finite anaerobic reserve, which would be
riskier to use in the first part of the race due to uncer-
tainty of the remaining required power output (Pyne &
Sharp, 2014). The increasing certainty of the endpoint
towards the end of the race leads to a command of
higher output in the final lap, as the metabolic require-
ments to finish the race without premature fatigue are
now more safely predictable (Emanuel, 2019). Besides
psychological, there are also physiological tenets
underpinning the presence of an end-spurt (Mytton
et al, 2015). It is speculated that based on the critical
power model an even pacing strategy for most of
the race distance increases aerobic energy contribution
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and spares anaerobic capacity for a possible end-spurt
(Toussaint et al, 1998). A recent study found that
swimmers may achieve moderate improvement in
overall performance by decreasing swim velocity at
the start of the race (Lipifiska, 2009), saving higher rela-
tive energy costs, which could spare a greater anaero-
bic capacity for the end-spurt. Thus, it can be noted
that an end-spurt of greater magnitude is associated
with higher finishing positions and better times, but
a higher finishing position is not always related to a
new seasonal best time.

End-spurt and distance

Swimmers showed a significantly greater end-spurt in
the 1500 m than swimmers in the 800 m. This is in
agreement with the literature on pacing in swimming,
revealing that the pacing profile changes from being
positive to more parabolic as the race distance
increases (Menting et al, 2019). The main difference
between 800 and 1500m is that in the 1500 m it
takes longer before the sudden increase in power
output (end-spurt) occurs. Therefore, swimmers need
to maintain a level of physiological reserve for longer
than over shorter race distances due to an extended
uncertainty about what power output is required to
finish the race. This suggests that the reserve capacity
is accessed when premature fatigue becomes more
unlikely and peripheral fatigue can be overridden
(Noakes et al., 2009; Sandals et al., 2006). An increase
in power output too early could cause a lower than
optimal work rate and a subsequent loss of the
ability to increase swim velocity for the end-spurt or
other opponent-driven challenges. It is therefore
suggested that remaining distance and endpoint
have a set and constant influence on pacing behaviour
(Venhorst et al, 2018). The fact that swimmers swim
the fastest (end-spurt) when they should experience
the most muscle fatigue seems to indicate that they
conserve energy in the middle part of a long-distance
pool event and become increasingly certain to fully
use remaining capacity for the end-spurt as the finish
looms larger. The longer the distance of the race, the
more challenging it becomes to evenly distribute the
overall capacity of power output (Casado et al., 2020).
This assumption is further supported by the greater
difference in ESI among sub-elite and competitive
swimmers compared to elite swimmers regarding dis-
tance, highlighting the importance of expert knowl-
edge and race experience for optimal pacing and
end-spurts. Indeed, Neuloh et al. (2020) revealed no
effect of distance on ESI for elite swimmers only at
Olympic Games and World Championships. In
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general, overall performance in 1500 m freestyle pool
swimming benefits from regularly racing this event
and at the same time developing one’s physiological
capacities (McGibbon et al,, 2020).

End-spurt and performance level

Swimmers with a higher performance level show a
greater end-spurt. Elite swimmers showed a mean ESI
of 5.47, which is in accordance with previous findings
in other studies (Hecksteden et al, 2015; Lipiriska,
2009; Neuloh et al, 2020). It has been assumed that
swimmers of a higher performance level demonstrate
a reduced lap-to-lap variability (as well as swimming
closer to their optimal work rate for the whole dis-
tance) in the middle part of the race to preserve a
capacity to increase the swim velocity at the end of
the race (Lipiriska, 2009). Another point could be that
elite swimmers have greater experience in which
work rate is required to finish the race within the
context of the overall pacing strategy due to more
race exposure and advanced training. Swimmers with
a lower performance level may have greater uncer-
tainty about the endpoint of the race due to a lack
of race experience and therefore may keep a greater
reserve and reduce power output to ascertain
finishing the race and avoid catastrophic failure of
any physiological system (St Clair Gibson et al., 2006).
The possible lack of certainty in a race of lower per-
formance swimmers is supported by a study on sub-
elite swimmers showing a greater variability in speed
in 800 m freestyle races (Skorski et al., 2013). Therefore,
it can be concluded that swimmers with a higher per-
formance level have a more pronounced end-spurt
than swimmers with a lower performance level and
this may be due to elite swimmers having greater
race experience and subsequently less uncertainty
about the endpoint of the race.

Other findings

Regarding the effect of season cycle, it was found that
along the overall improvement over time (Pyne et al,
2004), the magnitude of the end-spurt increased from
the Pre-Season over the Main-Season towards the
Main-Peak-Season. This supports the notion that swim-
mers develop their physiological capacity for better
overall performance during the season towards their
main season events, and particularly preserve a
greater anaerobic capacity available for the end-spurt
(Pyne et al, 2004). This necessitates that swimmers
have to endure greater levels of unpleasantness and

discomfort elicited by the greater work rate. This toler-
ance may be facilitated by a greater level of motivation
during the main events of their season (Mujika et al.,
2002).

The effect of round and competition level revealed
that there is no modification in the end-spurt
between heat and final races or between different
competition levels, which was expected based on pre-
vious research (Neuloh et al, 2020). The random
between-subject and random within-subject variability
of the ESI seemed fairly consistent between and
within competitions suggesting that pacing strategies
are in fact relatively stable between and within
events. This is also in accordance with the literature
revealing stable pacing profiles between and within
swimmers in simulated and real competitions (McGib-
bon et al,, 2018; Skorski et al., 2013, 2014). As the
random within-subject variability of ESI was higher
than the random between-subject variability it can be
concluded that the variation in ESI comes from the
variability of the swimmers themselves rather than
from different external factors.

The effect of sex showed that female swimmers have
a significantly greater end-spurt than male swimmers in
the current study. This contrasts with another study
revealing no sex difference in end-spurt behaviour
(Neuloh et al., 2020). Given a difference of 0.2 ESI and
a trivial effect size of #=0.00 between female and
male swimmers in the current study this is likely to be
of no practical relevance.

Limitations and scope

To the authors’ knowledge, this is the first attempt to
establish the effect of end-spurt behaviour in a large-
scale and field-based study on performance in swimmers
of different performance levels. The current results
expand on previous research which mainly assessed
mean differences within the velocity pattern (Heckste-
den et al, 2015; Lipifiska, 2009) or only included elite
swimmers at Clympic Games and World Championships
without accounting for seasonal best time effects
(Neuloh et al.,, 2020). Still, the current investigation was
purely observational and retrospective. Influencing
factors such as training load, pericdisation (swimmers
could have had different periodisation as suggested),
motivation, shaving or different swimming suits could
not be controlled for. Thus, only assumptions can be
made on the current results. However, the large
sample size makes up for some confounders as they
can be assumed to be evenly distributed. Furthermore,
the complexities such as the position of a competitor
within the race during different time points may alter

67



Dissertation- Joshua E. Neuloh

the ESI which should be the subject of future research as
well as the underlying physiological/psychological
mechanism.

Implications for practice

This study provides an insight into the end-spurt behav-
jour of competitive, sub-elite and elite swimmers in
association with seasonal best time. The end-spurt is
increased by the majority of swimmers when they
swim faster races, despite fluctuations in swim velocity
creating greater relative energy costs (Abbiss &
Laursen, 2008). It can be therefore explained that end-
spurt behaviour is linked to the knowledge of the end-
point of the race and its certainty or uncertainty
thereof. Consequently, coaches and sport scientists
should include practice of different pacing pattern into
the training based on the specific race distance
through the use of visual or auditory pacing feedback
for example (Altavilla et al., 2018). Further, swimmers
might benefit from using pacing training sessions
while simulating specific race distances throughout the
season to accommodate yield from an end-spurt, estab-
lishing better knowledge and certainty about the end-
point of the race. Last, they should consider that
optimal performance requires high levels of aerobic
capacity for the even-paced middle part of the race
and sparing anaerobic capacity for the end-spurt,
which needs to be trained.

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 800 and
1500 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. Therefore, swim-
mers should build their capacities to execute an end-
spurt.
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Abstract

To analyse the influence of distance, time point of competition, round and finishing position on end-spurt behaviour in
swimming. Race results in 800-m and 1500-m freestyle swimming from the last 8 World Championships and 5 Olympic
Games (1998-2016) including 1433 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 deviaton 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. An end-spurt was evident in most swims for both race distances. The mean change in swim velocity berween
the middle part of the race and the last lap was 0.06 £0.02 m/s (1.2 0.2 5) in the 800-m and 0.07 £ 0.02 m/s (1.5+0.2
s) in the 1500-m. The finishing position within a race significantly affected the ESI (P<.001, r=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: 1.42-1.97)
with a relative variance component of 23%, while 77% of ESI variance remained unexplained. This is the first study
using a newly developed indicator of end-spurt behaviour demonstrating that particularly medallists have a more
pronounced end-spurt compared to non-medallists.

Keywords: pacing siraregy, swim velocity, water, elite swimmers, tachics

Highlights

« Swimmers seem to consistently execute an end-spurt in both the 800-m and 1500-m races.

« Coaches and sport scientists should take into account that an increase in velocity is utilized particularly by medallists.
« Swimmers might benefit from utilising pacing training sessions to accommodate yield from an end-spurt.

§ .
Isinatipiige (Tucker & Noakes, 2009). Based on current

research, pacing appears to be regulated by
complex interactions between the brain and other
physiclogical systems (McGibbon, Pyne, Shephard,

In order to recach an endurance cvent’s cndpoint in
the fastest time possible, athletes should appropri-
ately distribute their energy expenditure in a way

that all available energetic resources are used but
not too early so as to avoid premarture fatigue and a
loss of speed (St Clair Gibson & Noakes, 2004). In
competitions when the aim is to cover a given race
distance in the fastest time possible, this regulation
of speed, power or energy expendirture is extremely
important for thc optimisation of performance

& Thompson, 2018). Despite biomechanical and
physiological influences on pacing, competitors
might further affecct an athlere’s pacing by changes
in their race tactics, and their presence means that
the ultimate goal is to beat them rather than post
the fastest time (Abbiss & Laursen, 2008; Foster,
Schrager, Snyder, & Thompson, 1994; Mauger,
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Neuloh, & Castle, 2012; Tucker, Lambert, &
Noakes, 2006).

Pacing in long-distance swimming in pool compe-
titions is considered an important determinant of
success, especially in the case of very similar individ-
ual capacities between swimmers (Baldassarre, Boni-
fazi, & Piacentini, 2019; Lipinska, Allen, & Hopkins,
2016; Lipifiska, 2009; Lipifiska, Allen, & Hopkins,
2016; Mauger et al., 2012; Rodriguez & Veiga,
2018; Veiga, Rodriguez, Gonzalez-Frutos, & Navan-
dar, 2019). Indeed, due to the high resistive proper-
ties of the water and the low mechanical efficiency,
pacing is likely to be more critical in swimming com-
pared to other endurance-based sports (Thompson,
MacLaren, Lees, & Atkinson, 2004). It is suggested
that even small changes in swim velocity can result
in a substantial increase in energy expenditure and
thus premature fatigue (Lipinska et al., 2016). A
swimmer’s distribution of speed throughout the
race might be especially important in order to use
available energetic resources efficiently (Barbosa
et al.,, 2010; Lipinska et al., 2016). In long distance
freestyle pool events of 800-m and above, a parabolic
shaped pacing pattern is usually used (McGibbon
et al., 2018), including a fast start, an even middle
part and an increase in speed in the last stages of
the race, which is suggested to be consistent through-
out different competitions and between heat and
final races (Skorski, Faude, Caviezel, & Meyer,
2014). Such an increase in speed or power at the
end of the race is generally called end- or final
spurt. It has been typically described in head-to-
head competitions, where success is determined by
performing marginally better than other competitors
in order to achieve a better finishing position. In such
events, athletes seem to retain a reserve of energy
required for an end-spurt to possibly outsprint an
opponent in the last few meters (Foster et al., 1993).

The vast majority of the pacing literature considers
an end-spurt to be a statistically significant mean
difference between the last and the penultimate
split. However, an evaluation of group means is of
little value with respect to the individual athlete.
Moreover, when analysing the end-spurt behaviour
within one athlete it seems beneficial to consider the
intra-individual variability during the middle part of
the individual race. The relevant considerations are
consistent with research on individual responses to
exercise training (Atkinson & Nevill, 1998). Specifi-
cally, a deviation in mean velocity may be interpreted
in the context of random variability, which in this case
would mean that an athlete has performed an end-
spurt if the last lap is performed faster than the
middle part of the race by more than the intra-individ-
ual variability (Hecksteden et al., 2015; Senn, 2004).
Consequently, we propose the difference between the

End-spurt in freesivle ssimming 1629

last lap and the middle part of the race divided by the
respective standard deviation as an end-spurt indi-
cator (ESI). Thus, the ESI used in this work is directly
based on the above rationale.

Therefore, the aim of the current study was to
analyse the end-spurt behaviour in long-distance pool
swimming events in relaton to distance, time point
of competition, round and finishing position using
this newly ESI. It was hypothesised that the ESI mag-
nitude is related to the swimmer§ finishing position,
distance, but not time point of competition or round.

Methods
Subjects

All procedures were in accordance with the declara-
tion of Helsinki. It was not considered necessary to
obtain informed consent from swimmers because
only publicly accessible information was used and
all data were anonymised during the entire analysis.
Races from all swimmers participating in the World
Championiships and Olympic Games between 1998
and 2016 were analysed. One hundred and twenty-
nine races were excluded since finishing position
for heats or finals were not accessible. Therefore, a
total of 1433 races from 528 different elite swimmers
(1115 heats; 318 finals) over 800-m (men: n = 283;
age: 21.6 + 3.1 years, women: n =448; age: 21.0+
3.7 years) and 1500-m (men: n=497; age 21.9+
3.2, women: u = 205; age: 21.1 £ 4.0 years) freestyle
were retrospectively analysed. Semi-finals do not
exist for these race distances in swimming, thus
heats and finals only were analysed. Several swim-
mers competed in more than one competition (x=
220) and/or distance (n =199; Table I) resulting in
an unequal number of races per swimmer.

Ewents

Overall, the current analysis examined eight World
Championships and five Olympic Games between
1998 and 2016. Race data were obtained using the
web site www.swimrankings.net (Splash Software
Ltd., Switzerland; 20 December 2017), which is
based on information from the European Swimming
Federation (LEN) database and the results from the
Belgian, Canadian, Dutch, Polish, Portuguese and
Swiss federations. Each race report included a
subject identification number for each swimmer,
the name of the competition, distance, round (heat
vs. final), overall finishing position, 50-m split times
(s) and the total completion time (s). All events
were swum in a long-course (50-m) pool. Total and
all 530-m split times were downloaded from the
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Table [. Number of races repeated by all subjects

Number of competitions ()

Subjects (1) One Two Three Four Five Six Seven Eight Nine
800-m 273 111 74 21 26 11 8 4 6 4
1500-m 255 102 64 28 22 15 5 3 1 3

official site www.swimrankings.net. In all events
automatic officiating equipment was used under the
supervision of appointed officials and recorded to
0.01 s to determine total times, as well as 50-m
split times (according to FINA swimming rules).

End-spurt indicator

To evaluate the end-spurt an “End-Spurt Indicator”
(ESI; arbitrary units) was designed by the authors.
This ESI was based on the mean swim velocity {(m/
s) and the respective standard deviation (SD) of
each individual swimmer. Due to the rapid accelera-
tion caused by the diving start, swimmers typically
complete the first 50-m faster than any other
section of the race (Skorski et al., 2014; Veiga &
Roig, 2017). Thus, the first 50-m split was not
included when calculating mean swim velocity. The
last lap was also excluded as it was used as the refer-
ence split for the ESI calculation. The first and final
lap is reported to be an important parameter to
characterise pacing in swimming (Lipinska et al.,
2016), whereas medallists swim a relatively faster
last lap than non-medallists (Mytton et al., 2015).
Therefore, the velocity of the middle part (SVMP)
of the race was calculated using the individual
mean (£SD) speed in the laps 2-15 and 2-29 in
the 800-m and 1500-m race, respectively. To
define an individual ESI per race and subject, the
difference between the swim velocity in the last lap
(SVLL) and the corresponding SVMP was divided
by the respective individual SD of SVMP.

SVLL — meanSVMP

Bl = nSVMP SD

For example, if the final lap was swam in 2.0 m/s and
lap 215 had a mean swim velocity of 1.5 m/s with a
mean SD of 0.5 m/s in the 800-m, an ESI of 1.0
would have been calculated. The approach to
define ESI as the difference between the last lap
and mean swim velocity divided by the individual
standard deviation is similar to methods used when
analysing individual response, e¢.g. in medicine
(Hecksteden et al., 2015). The standard deviation
provides an estimate of gross variability in the mean
SVMP. Similarly to the classification of responders

and non-responders, the definition of ESI can be
based on different rationales (Hecksteden, Pitsch,
Rosenberger, & Meyer, 2018). In the current manu-
script the following fixed threshold value was used:
ESI was defined when the value was > 0.

Staustical analysis

Statistical analyses were conducted using Statistica 8
(StatSoft, Hamburg, Germany) and the R statistical
programming language (R Core Development
Team, 2016). Overall performance data were nor-
mally distributed (Kolmogorow-Smirnow-Test),
thus, data is presented as means and standard devi-
ation {(SD). Because ESI within individual subjects
was not normally distributed descriptive data are pre-
sented as medians with 25th and 75th percentiles.

Changes in ESI were analysed using a linear mixed
model with fixed effects for distance (2 levels: 800-m
and 1500-m), time point of competition (13 levels:
year of competition), round (2 levels: heat and
final) and finishing position (51 levels: overall finish-
ing position) and a random effect for a swimmer’s
identity. The 51 levels for overall finishing position
refer to the maximum number of participants in
heats. A separated linear mixed model was per-
formed including only final races, with the additional
fixed effect of medal (two level: medallist and non-
medallist). An a-error of p <.05 was accepted as
level of significance.

Results
Owverall results

Total times in 800-m and 1500-m in both heat and
finale races for men and women are shown in Table
II. Total time in finals was significantly faster in
both distances compared to heats (P<.001). In the
800-m, finals were on average 15.33 s faster than
heats (P<.001); in the 1500-m performance
improved by 24.87 s from heat to final (P<.001).
With regard to pacing pattern, swimmers adopted a
parabolic shaped pattern in both distances, racing
the first split significantly faster than all others (P
<.001) and showing a higher split velocity in the
last 50-m compared to all others (P <.001).
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Table I[I. Number of races and swim times for all subjects (z = 528; n in table reflects number of races included)

Heat total time (min)

Final total time (min)

800-m (= 283)
1500-m (n= 497)

800-m (n = 448)
1500-m (# = 205)

08:08,64 £ 21,68
15:26,07 = 34,97

08:42,32 £ 18,73
16:34,22 + 35,15

Men (n=780)
7:48,4216.,84
14:55,82 + 12,29
Women (n=653)
8:26,12£ 7,56
16:04,19 £ 14,31

Data is shown as mean % standard deviation (SD).

End-spurt

Mean swim velocity of SVMP was 1.57 £ 0.08 m/s
during the 800-m races and 1.60*+0.08 during the
1500-m, respectively. The mean change in swim vel-
ocity between the middle part of the race and the last
lap was 0.06 £ 0.02 m/s; 3.68% (1.18 £0.19 s) in the
800-m and 0.07 £0.02 m/s; 4.20% (1.52+0.23s) in
the 1500-m distance. This was reflected by a mean
ESI of 4.24 {Cl: 3.73-4.00) in the 800-m and 4.58
(Cl: 4.30-4.86) in the 1500-m race. A total of 83
swimmers showed a negative ESI of —1.87 £0.75
on average, which numerically would indicate the
absence of an end-spurt (interquartile range 4.70).
Figure 1 shows the median ESI of each individual
swimmer as well as their minimum and maximum
for the 800-m (A) and 1500-m (B) distance with at
least two races. There was no effect (7> .05) on
ESI for sex, therefore male and female swimmers
were analysed together.

No significant effect on ESI was observed for either
distance (P=.64, t=—-10.0), time point of compe-
tition (P>.08) and round (P=.42, r=-0.79).
Between-subject standard deviation was 1.66 (Cl:
1.42-1.97; relative variance component subject ID
=23.2%), while 76.8% of ESI variance remained
unexplained. Overall finishing position significantly
influenced ESI with better ranked swimmers
showing a greater ESI (P<.001, t=7.28; Figure
2). Swimmers with a better finishing position in
heats or finals showed an ESI of 2.79 (finishing 9th
to 50th), whereas in swimmers finishing 1st to 8th
ESI was 5.20. When analysing final events only,
ESI was significantly higher in medallists (5.99; CL:
5.32-6.66) compared to non-medallists (4.52; Cl:
4.01-5.02; P=.001).

Discussion

This study was designed to analyse end-spurt behav-
iour in elite 800-m and 1500-m freestyle swimming.
An end-spurt indicator has been applied and evalu-
ated to investigate the influence of potential determi-
nants such as distance, time point of competition,

round and finishing position. Firstly, ESI among
medallists is greater compared to non-medallists
which illustrates its construct validity. Secondly, the
retrospective analysis of elite competitions during
the last 18 years revealed that swimmers seem to con-
sistently execute an end-spurt of a similar magnitude
in both the 800-m and 1500-m races. However, there
was no significant effect of time point of competition
or round. To the authors’ knowledge, this is the first
attempt to quantify an end-spurt statistically accord-
ing to the individual responses paradigm and to esti-
mate potential influencing factors. The current
results expand on previous research which mainly
assessed mean differences within the velocity
pattern (Lipinska et al.,, 2016; Lipifiska et al.,
2016) by developing an indicator that considers
different variance components as well as within-
subject variability during the middle part of the race.

The presence of an end-spurt in the 800-m and
1500-m is in accordance with previous research
(Lipinska et al., 2016; Lipifiska et al., 2016) and
expectations. In a recent review, McGibbon et al.
summarised that similar to middle-distance pool
events, parabolic pacing is typically observed in free-
style pool 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- and 1500-m competitions over
a period of 13 years (Lipifiska et al., 2016). Whilst
the change in pace in the 800-m is similar to our
analysis, the last lap in the 1500-m was only 4.2%
faster. This discrepancy in the 1500-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
(Lipifiska et al., 2016).

Based on the random between-subject and
random within-subject variability the ESI seems
fairly consistent between and within competitions.
This supports its use because stable pacing profiles
between and within swimmers are in accordance
with recently published findings in simulated and
real competitions (McGibbon et al., 2018; Skorski
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Figure 1. Individual End-Spurt Indicator {ESI; black dots) for the §00-m (A) and 1500-m (B) distance. The grey lines display the minimum
(lower line} and maximum {upper line) ESI observed in cach individual. Swimmers are sorted according to their EST from small ro large
{swimmer number dees not relate to subject ID). Because ESI within individual subjects was not normally distributed, descriptive data
are presented as medians with 25th and 7%th percentiles.
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et al., 2014; Skorski, Faude, Rausch, & Meyer,
2013). It indicates that world-class swimmers do
not seem to modify their end-spurt due to varying
race tactics or different types of competition. The
random within-subject variability of ESI was higher
than the random between-subject variability indicat-
ing that the variation in ESI comes from the variabil-
ity of the swimmers themselves rather than from
different general race tactics. Nonetheless, further
complexities such as the position of a competitor
within the race during different time points may
alter the ESI which should be subject of future
research. It should further be considered that the
current analysis only included World Championships
and Olympic Games. As these are the major events in
a swimmer’s career it can be assumed that the ath-
letes tried to produce a best time during these com-
petitions. Future research should evaluate if the
end-spurt changes throughout a season and/or an
athlete’s career and if such a potential change is
associated  with  the general performance
development.

The finding that medal placing had a significant
effect on ESI is in agreement with previous
research. For example, Mytton et al. observed that
medallists showed a greater increase in speed at
the end of a 400-m freestyle race compared to
non-medallists (Mytton et al.,, 2015), which
seemed to be the main factor differentiating medal-
lists and non-medallists in their analysis. Further, it
was described that medallists swam below their
mean race velocity for the first half of the race
and non-medallist above their mean race velocity,
whereas the opposite was seen in the final 100-m
of the race. Therefore, it was concluded that medal-
lists start more conservatively compared to non-
medallists in the 400-m freestyle (Mytton et al.,
2015). Alternatively, it is possible that some non-
medallists have not produced an end-spurt
because of too little prospect of winning. Although
the similarity/comparability of pool and open-
water swimming is questionable, a faster end-spurt
was highly correlated with a better overall finishing
position in 5 and 25-km events with better posi-
tioned swimmers showing a significantly faster last
lap compared to lower ranked athletes (Baldassarre
et al.,, 2019; Rodriguez & Veiga, 2018). Indeed,
when analysing finishing position, we also observed
a significantly greater ESI in swimmers with a
higher finishing position compared to swimmers
with a lower finishing position. It is suggested that
better athletes are able to keep a reserve capacity
for the end-spurt, whereas swimmers with a lower
fitness level already have to perform at their individ-
ual “limit” to keep up with the faster swimmers (i.e.
medallists) during the middle part of the race. A

potential explanation might be that medallists
experience less physiological disturbance during
the start and middle part of the race, taking
longer to reach their VO,max than non-medallists
and therefore retain a greater reserve for the end
spurt (Mytton et al., 2015).

Several studies have attempted to describe pacing
behaviour during long-distance swimming in the
pool (Lipinska et al., 2016; Lipirfiska et al., 2016;
Mytton et al., 2015) and in open-water races (Bal-
dassarre et al., 2019; Rodriguez & Veiga, 2018;
Veiga et al.,, 2019). However, the majority of these
studies investigated changes in swim velocity
throughout the race, without a specific focus on the
end-spurt. In head-to-head competitions the capa-
bility to outperform an opponent in the last meters
of a race is especially important for the single
athlete. Therefore, a better understanding of individ-
ual end-spurt behaviour could help athletes and
coaches in their individual race preparation. As men-
tioned earlier the majority of pacing literature defines
an end-spurt as a significant increase in speed in the
last lap of a race or the effect size of it (Lipifiska et al.,
2016; Mytron et al., 2015). However, an evaluation
of group means is of little value with respect to the
individual athlete. Thus, it seems beneficial to con-
sider the intra-individual variability during the
middle part of the individual race. Similarly to
approaches to evaluate individual responses in per-
formance changes (Atkinson & Batterham, 2015;
Hecksteden et al.,, 2015), it seems important to
understand sources of variation that may contribute
to overall gross variability. Therefore, the current
ESI includes the standard deviation of the mean
swim velocity in the middle part of the race as an
indicator of within-subject variation. According to
the literature this might help to determine the true
individual difference in speed throughout the race
and at the end (Atkinson & Batterham, 2015),
which can lead to a better understanding of individ-
ual end-spurt behaviour in swimming. Although
this definition and mathematical model is based on
statistical principles, it needs further verification.
Nonetheless, this analysis presents a first attempt
for an objective measure to quantify an end-spurt in
relation to the individual swim speed variability.

The current investigation was purely observational
and retrospective. Influencing factors such as motiv-
ation, shaving, different swimming suits or diets
could not be controlled for. Even though Skorski
et al. (2013) observed similar pacing profiles in simu-
lated and real competitions the internal validity of
our approach might have been lower than in lab-
based experiments. Since analysed data were taken
from real competitions in high-level swimmers,
however, a high external validity is ensured and
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results are applicable to the highest performance
level. Furthermore, Mauger et al. (2012) recently
described that pacing patterns seem independent of
swimsuit design.

Practical implications

This study provides an insight into the pacing
pattern of elite swimmers in the final stages of
800-m and 1500-m freestyle races. Coaches and
sport scientists should take into account that an
increase in velocity is used by the majority of the
swimmers, particularly by medallists, even though
any fluctuations in velocity could create higher rela-
tive energy costs (Foster et al., 1994). Therefore,
swimmers might benefit from using pacing training
sessions to accommodate yield from an end-spurt.
However, it is important to note that this study
only contains a retrospective analysis of the end-
spurt adopted by elite freestyle swimmers. Due to
the fact that no experimental data was collected,
the underlying physiological and/or psychological
mechanisms can only be speculated upon. Based
on previous laboratory-based studies, it might be
suggested that improved O, kinetics (Bishop,
Bonetti, & Dawson, 2002; Jones, Wilkerson, Van-
hatalo, & Burnley, 2008), the distribution of
anaerobic capacity (Jones et al.,, 2008) and
reduction in oxygen deficit (Bishop et al., 2002)
in combination with several biomechanical factors
could be the cause for a certain pacing pattern
including the end-spurt.

Conclusion

It was shown and quantified that elite swimmers
execute an end-spurt in freestyle long-distance pool
swimming races over 800-m and 1500-m. The
extent of the end-spurt is not associated with compe-
tition, round, or distance, but is associated with fin-
ishing position. In particular, medallists have a
more pronounced end-spurt compared to non-
medallists. The current analysis proposes a new indi-
cator to evaluate end-spurt behaviour in elite swim-
mers, which considers within-subject variability of
swim speed and might be useful for future research
in this area.
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