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Summary

The Swimming Start: Measurement, Importance and Enhancement through Pre-Race

Interventions

The swimming start is underpinned by horizontal velocity, which is determined by
power output on the block and can be enhanced through pre-race interventions. This
thesis aimed to determine the accuracy of start times measured using a single panning
camera analysis system, to quantify start times to total race time and investigate pre-
race interventions to enhance start and countermovement jump performance. Study
one determined the accuracy and reliability of a single panning camera analysis system
to measure start time and within the context of a predetermined smallest worthwhile
change (> 0.187 s). Systematic error and 95% limits of agreement were lower than the
smallest worthwhile change for all start times. Study two quantified start time as a
percentage of total race time. Start time was found to contribute up to 26.07% of total
race time, with males having a lower start contribution than females, and differences
between nationalities also identified. Study three assessed how isometric and ballistic
postactivation potentiation conditioning activities impact start and countermovement
jump performance. Ballistic postactivation potentiation elicited significantly higher
countermovement jump height (p = 0.045) and peak power output (p = 0.004) values
compared to the control. No significant differences were found for isometric
postactivation potentiation compared to the control. Study four investigated the
differences between an insulated, foil lined heat garment and trousers with heat
elements across the thighs and calves. No significant changes in performance were
found (p > 0.050) despite significantly higher muscle temperatures following active
heat maintenance. Peak power output was significantly different following passive
heat maintenance compared to the control (p = 0.047). This thesis suggests that
coaches with sprint athletes should seek opportunities to enhance start performance,
which can contribute a large proportion of total race time. Ballistic postactivation
potentiation and passive heat maintenance can significantly increase peak power
output and potentially start time, although this is on an individual basis. Pre-race
interventions should be trialled within training and can be accurately monitored using
a single panning camera analysis system to identify significant changes.

Keywords: Start performance, pre-race interventions, postactivation potentiation,

muscle temperature
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Chapter 1. General Introduction

Competitive swimming involves participants covering a predetermined distance in the shortest
time possible (Arellano et al., 2001) and has been part of the Modern Olympic Games since its
inception in 1896. Thereafter, pool-based swimming at the Olympic Games has evolved, with
28 individual men's and women's races ranging between 50 metres (m) and 1500 m at the
Tokyo 2020 Olympic Games. These races included backstroke, breaststroke, butterfly,
freestyle and individual medley, but as the fastest stroke for most swimmers, front crawl is
favoured within freestyle events (Maglischo, 2003). Seven relay events were also included
during the Tokyo Olympic Games, totalling 35 medal opportunities within the pool, which
equated to 10% of medal opportunities for the entire Tokyo Olympic Games. Small variations
between finishing positions are also evident within the pool. For example, the difference
between first and second place for the men's 100 m backstroke at the Tokyo Olympic Games

was 0.02 seconds (s), which equated to 0.04% of total race time.

To minimise total swim time, thus improving medal likelihood, a swimmer must maximise
their horizontal velocity through the water, a component dependent on power output and drag
reduction (Barbosa et al., 2010; Toussaint & Beek, 1992). During the free-swimming segment
of the race, horizontal velocity is determined by distance per stroke and stroke rate (Craig &
Pendergast, 1979); however, a swimmer's initial velocity is generated during the dive, referred
to as the swimming start. The start is defined as the time from the initial moment of the starting
signal to the moment the swimmer's head reaches 15 m (Cossor & Mason, 2001). As outlined
by the Fédération Internationale de Natation (FINA, 2017), free-swimming must begin by the
15 m mark in all strokes except breaststroke to avoid disqualification, therefore, the start cannot
be longer than 15 m. The start begins on a starting block or in the water using a backstroke
wedge for backstroke. Swimmers dive into the water and complete an independent number of
underwater fly kicks (except during breaststroke), an undulatory movement designed to
increase propulsion through the water (Lyttle et al., 2000; von Loebbecke et al., 2009) before
resurfacing and beginning their stroke; because water density is substantially higher than air
density (Fukuda et al., 1994), swimmers can achieve dive velocities that are twice the size of
velocities attainable within the water (Kiuchi et al.,, 2010; Lyttle & Blanksby, 1988).
Theoretically, if a swimmer can generate a high horizontal velocity whilst diving, this should

transfer into the water and result in a greater horizontal velocity, providing the underwater fly



kicks are efficiently performed, than those who cannot generate high horizontal velocities

whilst diving.

Since medal likelihood in swimming can sometimes be determined by small time margins,
coaches and practitioners seek opportunities to manipulate a swimmer’s horizontal velocity
with the aim of decreasing total race time. As the start dictates the velocity transferred into the
water, improving this segment of the race can become a key component of the training cycle
for sprint swimmers (< 200 m), where the start can make up to 26% of total race time for 50 m
events (Cossor & Mason, 2001; Slawson, 2010); however, this percentage finding was
concluded before the back plate on the starting block was introduced, which may have impacted
the start’s contribution. Similar to the overall race, previous research has established horizontal
velocity at dive take-off as the underpinning contributor to start performance (Tor et al., 2015c).
Velocity is the product of acceleration and time, and as acceleration is derived from force and
mass, Newton's second law of motion, which states force is the product of mass and
acceleration, requires consideration to enhance start performance (Nguyen et al., 2014; West
et al., 2011). External power output, the product of external force and velocity, can therefore
be used as a measure to observe the transference of force and horizontal velocity into the start
(Turner et al., 2020). Peak power output (PPO) can be measured through integrated force
platforms on the block, but these are costly, so access may be restricted. Countermovement
jump (CMJ) PPO has been correlated with start time (r = -0.73; West et al., 2011), as both are
considered explosive movements which are underpinned by power output, with greater lower-
body power outputs theoretically enabling increases in CMJ height, dive distance and decreases
in start time (Cossor et al., 2011). As CMJ PPO can be measured using portable force platforms,
which are more readily accessible, the CMJ is regularly monitored to observe changes in PPO

and monitor any improvements, when necessary, across the swim season.

During start and CMJ performance, muscles contract when myosin heads bind with parallel
actin binding sites based on the sliding filament theory, which, when stimulated, rotate, causing
the muscle fibres to slide across each other, thus eliciting a muscular contraction and limb
movement (Folland & Williams, 2007; Powers & Howley, 2012). Therefore, with a greater
frequency of actin-binding sites and myosin heads, muscles can contract more forcefully and
at a higher velocity, thus increasing external power output. Increasing the recruitment of motor
units stimulates more muscle fibres to contract and enables a greater force output during
contractions permitting a greater external power output during the muscular contraction, based

on the sliding filament theory above (Grimby & Hannerz, 1977; Henneman, 1957).
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Additionally, power output is enhanced through increased muscle temperature (Tm) and
hormone concentration (DeFreitas et al., 2004; Gray et al., 2008; Hansen et al., 2001; Sargeant,
1987; Stienen et al., 1996). Regular strength training can chronically increase power output
through muscle hypertrophy from heightened testosterone and cortisol concentrations (Powers
& Howley, 2012; Vingren et al., 2010), and technical changes, such as leg positioning on the
block (Carradori et al., 2015), can also enable power output to increase during the start.
Unfortunately, physiological adaptations and skill acquisition require a substantial amount of
time and chronic adaptations are unachievable during the competition period due to scheduling
and training availability during this time ahead of heat and final swims (DeFreitas et al., 2011;
Williams & Hodges, 2005). As a result, coaches and practitioners have investigated pre-race
interventions, which, if utilised correctly, can provide acute increases in PPO and performance,
and impact medal likelihood and podium position due to minor improvements in overall swim

time, as outlined above.

One popular pre-race intervention is postactivation potentiation (PAP) which is underpinned
by increased motor unit recruitment and the phosphorylation of myosin regulatory light chains,
which increases cross-bridge formation to enhance power output (Blazevich & Babault, 2019;
Manning & Stull, 1982; Sale, 2004; Xenofondos et al., 2010). PAP is induced within the
muscles following a high-intensity effort conditioning activity involving a similar movement
to the subsequent performance (Hancock et al., 2015). A sufficient recovery time to overcome
fatigue and maximise the PAP response within the muscles is also essential (Dello lacono et
al., 2018; Wilson et al., 2013). Research has detailed how PAP can improve start time (Cuenca-
Fernandez et al., 2015, 2019; Kilduff et al., 2011) and CMJ performance (Beato et al., 2019;
Young et al., 1998) and how the PAP response is impacted by strength level (Tillin & Bishop,
2009) and muscle fibre type (Hamada et al., 2000). Although most PAP literature has used
weight-lifting equipment to increase the conditioning activity intensity, ballistic PAP, which
uses body mass as resistance, may be more favourable within the competition environment
because of the limited equipment required (Desmedt & Godaux, 1977). Unfortunately, despite
research supporting ballistic PAP within CMJ performance (Hester et al., 2017), limited
research has been conducted to assess its use within swimming to enhance start performance.
One limitation associated with eccentric and concentric activities is exercise-induced muscle
damage (EIMD) which can be detrimental to power output and performance but is thought to
be reduced following isometric exercise (Clarkson & Sayers, 1999). Esformes et al. (2011)

found no PPO differences in ballistic bench press throw between eccentric, concentric, ballistic
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and isometric PAP conditioning activities, suggesting isometric PAP is an effective protocol to
elicit a PAP response whilst reducing EIMD. Swimming competitions can last for six days,
which increases the accumulation of EIMD, particularly if PAP is included as a pre-race
intervention before each event. Therefore, isometric PAP may prove more beneficial to
performance throughout swimming competitions, as it will reduce EIMD throughout the week
whilst also achieving a PAP response and therefore increased PPO. Despite these potential
benefits of isometric PAP, particularly within swimming, no known research has been

completed assessing its use to enhance start performance.

Another component of the pre-race routine regularly utilised is the warm-up (WU), which aims
to offer an acute performance enhancement by increasing Tm and elicit a structural and
biochemical change within the muscles, such as increased metabolic reaction rate and
decreased viscosity, permitting a more efficient internal environment for muscular contractions
(Shellock, 1983). For example, Bergh & Ekblom (1979) found that power output, sprint time
and jump performance improved when Tn increased. When the muscles contract, heat is
generated as a by-product of metabolic reactions, dissipated into the bloodstream, and
stimulates a rise in core and Tm (Gleeson, 1998). After approximately 15 minutes (min) of
exercise cessation, Tm, and its associated mechanisms for increased power output, return to
baseline values (McGowan et al., 2015), which is problematic within the competitive
swimming environment because swimmers are often needed within the call room up to 20 min
before their race. As a result, heat maintenance has become an additional pre-race intervention
following the WU to reduce Tm decay throughout the transition period and ensure the WU

adaptations enhance power output when racing begins.

Research has supported the use of heat maintenance garments in a variety of sports, and the
garments have included additional warm layers, such as hooded tops and gloves (Galbraith &
Willmott, 2018), and survival garments with foil linings to insulate the muscles (Beaven et al.,
2018; Kilduff et al., 2013; Williams, 2012). More recently, garments with heated panels have
been introduced to actively warm the muscles and promote an increase in Tm, and additional
findings have supported their use throughout a swimming transition period (McGowan et al.,
2016; Wilkins & Havenith, 2017). These heat maintenance garments could be more beneficial
throughout the transition period if they can increase Tm, as the underlying mechanisms will be
sustained more effectively than a heat maintenance garment which only delays heat decay.

Nevertheless, no known research has investigated the differences between passive and active



heat maintenance garments and their impact on swimming start and CMJ performance, both

power-based movements.

To summarise, the start is a power-based movement that comprises a considerable amount of
total race time and small improvements during this phase of the race could substantially impact
podium position and medal likelihood. The CMJ is another power-based movement with an
established relationship with start performance, and improvements in CMJ performance are
likely to be transferred to the start. Therefore, the CMJ may be able to be used as a more direct
measure of acute changes in PPO following interventions compared to the start, as potential
variability in underwater fly kicking technique can impact overall start performance. Motor
unit recruitment, T and hormone concentrations are factors that can influence PPO, and
therefore require consideration when investigating changes in start and CMJ performance. To
maximise performance on race day, swimmers may utilise pre-race interventions to enhance
power output acutely and increase medal likelihood by manipulating their underlying
mechanisms. PAP is a pre-race intervention which involves a high-intensity conditioning
activity (> 75% maximum effort) to recruit higher-order motor units and thus increase power
output during subsequent performance, if a sufficient recovery time is provided. PAP has been
used throughout multiple sports, but ballistic PAP may be more favourable within the
competition environment as it requires limited equipment. Isometric PAP is thought to reduce
EIMD compared to alternative PAP modes, which can accumulate throughout swimming
competitions. Heat garments have also become a popular pre-race intervention and aim to
increase or maintain Tm generated during the WU. These garments may be passive or active,
but regardless, research has supported their use within sport. Despite PAP offering an
enhancement of power-based movements, no known research has compared the use of ballistic
and isometric PAP to enhance start performance. Likewise, passive and active heat
maintenance garments have gathered some traction since their introduction, but their impact

on start performance has not knowingly been investigated.

Based on the above, and considering the current gaps within the literature, the aim of this thesis
was to determine the accuracy of start times measured using a single panning camera analysis
system, to quantify start times to total race time and investigate pre-race interventions which
could enhance start performance. In order to achieve this aim, the following specific research

objectives were devised:



- Establish the validity of the current single, panning camera analysis system used by

Swim Wales to measure start time.

- Re-evaluate the quantification of start time from 2010 onwards to establish the impact
equipment changes have had on start performance and the start’s contribution to total

race time.

- Investigate the effectiveness of ballistic and isometric PAP conditioning activities to
improve start time and enhance CMJ height and PPO within a group of national-level

swimmers.

- Assess changes in start time and CMJ height and PPO when active and passive heat
maintenance garments are utilised during the transition phase by a group of national-

level swimmers.

The next chapter (2) will review the relevant literature to the specific objectives outlined above.
The following chapter (3) will address the first objective, including a reliability assessment of
the single panning camera. The second objective will also be addressed within the same chapter
(3) and will encompass all events, sexes, and various competitions and nationalities. The
following chapter (4) will focus on the third objective and investigate worthwhile changes
within individuals. The proceeding chapter (5) will address the fourth objective and, similarly
to the above, will investigate worthwhile changes within individuals following the

interventions.



Chapter 2. Review of Literature

2.1 Introduction

This review of literature aims to discuss some of the previous research conducted to understand
the determinants of the swimming start, and the considerations necessary to enhance start
performance. To achieve this aim, this review has been split into four sections. Section 2.2
discusses the swimming start, detailing the start's contribution to overall swimming
performance and how this may have changed as technological advancements within the sport
have been made, before discussing how start time can be measured.

Section 2.3 outlines the physiological and biomechanical underpinnings of the start and the
close relationship between power output, the CMJ and start performance. Various
methodologies are detailed for measuring power output, as well as additional CMJ measures,
such as flight time and jump height, focussing on the accuracy and reliability of each measure.
The physiological mechanisms of muscular power and how power output can be increased are

discussed towards the end of the section.

Section 2.4 reviews the theory supporting the first pre-race intervention explored within this
thesis — PAP. The mechanisms underpinning PAP are explored, relating back to the power
underpinnings in Section 2.3, and the necessary variables that require consideration for PAP to

enhance start performance.

Finally, Section 2.5 evaluates the second pre-race intervention examined within this thesis —
heat maintenance. The physiological adaptations that are elicited when Tr, increases and the
performance benefits that previous research has found are outlined and methods for measuring
muscle and skin temperature are critiqued and their accuracy and application to the elite

sporting world are discussed, as well as the current heat maintenance strategies available.

2.2 The swimming start

The swimming start is typically characterised as the first 15 m of the race and is defined as the
moment from the starting signal to when the centre of the swimmer's head crosses the 15 m
mark (Slawson et al., 2013). Although the backstroke start differs from the dive used within

the other three strokes, the same definition applies. The start is typically broken into the block,
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flight, and underwater phases (Tor et al., 2014). The block phase can be defined as the first
instance of the starting signal to the last moment of contact with the swimmer's foot on the
block/backstroke wedge (Ruschel et al., 2007). The flight phase can be defined as the last
moment of contact with the swimmer's foot on the block/backstroke wedge to when the centre
of the swimmer's head enters the water (Tor et al., 2014). The underwater phase can be defined
as the moment the centre of the swimmer's head enters the water to when the swimmer begins
free-swimming at an undefined distance (Slawson et al., 2011; Vantorre et al., 2014). Research
has considered the underwater phase the most important because of its duration and ability to
determine the efficiency of start performance (Tor et al., 2015d), yet this is contradictory as
each start phase is dependent upon its predecessor (Barlow et al., 2014; Ruschel et al., 2007).
Therefore, despite the underwater phase being the longest within the start, all three start phases

warrant consideration to improve start performance.

2.2.1 Swimming start performance and equipment changes within swimming

Swimming races range from four different strokes across 50 m to 1500 m and are composed of
the start, free-swim and finish (last 5 m) segments; turns are also a component in long-course
races of 100 m or above (Arellano et al., 2001). Sprint events are 200 m or less (Currie et al.,
2018) and can be completed using all four strokes, whereas front crawl is predominantly used
during distance events (> 400 m) as this is the fastest of the four strokes (Maglischo, 2003),
demonstrated through the world record times (FINA, 2022b).

Understanding the start's contribution to total race time can help coaches and swimmers
determine whether technical or physiological interventions that manipulate the start are worth
pursuing to influence overall performance and increase medal likelihood. For example, Mason
& Cossor (2000) quantified start time and its impact on performance through correlation
analysis for the top 16 sprint swimmers and top eight distance swimmers at the 1999 Pan Pacific
Championships. Start time significantly correlated with total race time for all events except the
women's 200 and 800 m freestyle, 200 m butterfly and 200 m breaststroke (Table 2.1). For
individual medley, only the women's 200 m significantly correlated with start time. Additional
work by Lyttle & Benjanuvatra (2005) calculated the proportion of the start for each race
distance, finding the initial 15 m makes up 30% for 50 m races, and 1% for 1500 m races.

Although Lyttle & Benjanuvatra (2005) gave insight into the start's contribution for each



distance, due to water's higher density, propulsion within the water is restricted by increased
resistance compared to propulsion within the air (Maglischo, 2003), allowing swimmers to
achieve a velocity during the dive that is typically twice as great as their velocity when free-
swimming (Connaboy et al., 2010; Kiuchi et al., 2010). As the dive velocity is transferred into
the water, this enables swimmers to complete the start with higher velocities, thus the start’s
contribution to total race time is likely to be less compared to other segments of the race

because it can be completed faster before drag cause deceleration.

Slawson (2010) averaged start times at the 2008 Beijing Olympic Games for the 50, 100 and
200 m women's freestyle. The maximum contribution for start time to total race time was 26%
during the 50 m freestyle, and as race distance increased, the contribution from the start to total
race time was stated to have decreased, although actual values were not reported. Within the
same study, race time was altered to account for a 1% improvement in start time to investigate
the importance of start time within the women's sprint freestyle events, which led to a podium
switch between the first and second-place swimmers. Although these results were limited to
one stroke within women's swimming, the results support how small improvements in start
time can have a considerable effect on performance, medal likelihood and podium position.
For the purpose of this thesis, the author conducted a similar analysis using results from the
2020 Tokyo Olympic Games and accounted for a smallest worthwhile change (SWC) value for
start time (0.187 s), for the men's and women's sprint freestyle events (FINA, 2022a). The SWC
value was subtracted from the final finishing times for second, third and fourth place to assess
how a worthwhile change for start time could have impacted podium position and medal
likelihood for the top four finishers (Table 2.2). Achieving a SWC in start time during the 50
m freestyle resulted in a switch between second and third place for men and women, and fourth
place would have become second place for the men's 50 m freestyle if the SWC had been
achieved. Second and fourth place during the men's 100 and 200 m freestyle would have
increased by one finishing position (i.e. second place would have become first place) if the start
time SWC had been achieved. These recent results are similar to the work of Slawson (2010)
and support small improvements in start performance to significantly alter podium position and

medal likelihood.



Table 2.1 The significant Pearson Product Moment Correlations (r) between start time and total race
time for backstroke, breaststroke, butterfly, freestyle and individual medley races (extracted from

Mason & Cossor, 2000).

Distance Gender Backstroke Breaststroke Butterfly Freestyle Inl\(jll‘;/d'(ljel;/al

50 m Male 0.84**

50 m Female 0.84**

100 m Male 0.68** 0.59* 0.53* 0.50*

100 m Female 0.59* 0.76** 0.77** 0.73**

200 m Male 0.61** 0.62** 0.65** 0.74**

200 m Female 0.55* 0.58*
400 m Male 0.72*

400 m Female 0.68*

800 m Female

1500 m Male 0.87**

** indicates 0.01 level of significance and * indicates 0.05 level of significance
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Table 2.2 The top four sprint freestyle finishers at the Tokyo 2020 Olympic Games with their finishing times, and a smallest worthwhile change time (0.18 s

subtracted from finishing time) for second, third and fourth position to identify any changes in podium position if a smallest worthwhile change was achieved
for start time (results extracted from FINA, 20223).

1st Place 2nd Place 3rd Place 4th Place
Smallest Smallest Smallest
Finishing time Finishing time worthwhile Finishing time worthwhile Finishing time worthwhile
(s) (s) change time (s) change time (s) change time
(s) (s) (s)
Women's 50 m 23.81 24.07 23.89 24.21 24.03* 24.30 24.12*
Women's 100 m 51.96 52.27 52.09 52.52 52.34 52.59 52.41*
Women's 200 m 1:53.50 1:53.92 1:53.74 1:54.70 1:54.52 1:55.01 1:54.83
Men's 50 m 21.07 21.55 21.37 21.57 21.39* 21.6 21.42+
Men's 100 m 47.02 47.08 46.90* 47.44 47.26 47.72 47.54
Men's 200 m 1:44.22 1:44.26 1:44.08* 1:44.66 1:44.48 1:44.68 1:44.50¢

* Indicates an increase in one podium position, e.g. second place becomes first place
*+ Indicates an increase in two podium positions, e.g. third place becomes first place
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The percentage contributions identified by Slawson (2010) were supported by
Arglelles-Cienfuegos & De La Fuente-Caynzos (2014), who measured start times
during the semi-finals and finals at the 2013 World Swimming Championships. The
average start contribution for 50 m events was 24% for the men's races and 25% for
the women's, similar to Slawson (2010). For 100 m events, the start contributed 11%
for men's races and 12% for women's races. Although start contribution was not
published for the 200 m and 400 m events, it was outlined that the contribution
decreased as race distance increased, with 800 m races having a 1% contribution for
both sexes. More recently, Morais et al. (2018) published start time as a percentage of
total race time for all four strokes during the 100 m finals at the 2016 European
Swimming Championships which showed start time contributed 15% to total race time
for males and females during 100 m events. No other distances were covered within

the analysis.

Based on the studies above, it is clear that the start is a key component of sprint
swimming, and even small changes in start time can significantly impact medal
likelihood. However, despite the start being previously concluded as an important
consideration for sprint swimming, it has since been directly impacted by several
equipment changes within the elite swimming world which could alter the start's

contribution to total race time and overall importance within sprint swimming.

One change was the introduction of a back plate on the start block in 2009 (Figure
2.1A), which has resulted in an evolution in start technique, noted through the set-up
position swimmers can achieve with the new start block. Before 2009 swimmers
would predominantly perform a track start, however, with the new back plate
including an adjustable back plate, the kick start has become a favourable set-up. As
a result, research has been conducted to assess changes in force production between
the kick start (Figure 2.1A) and the track start (Figure 2.1B). For example, Ozeki et
al. (2012) investigated kinematic differences in the two start techniques within 11 male
elite college swimmers and found start time was 2% faster for the kick start. Block
time was also 5% shorter, and horizontal velocity was 3% greater during the kick start
than the track start. Further research has supported the use of the kick start to improve
start time and horizontal velocity (Honda et al., 2012), which has led to the adoption
of the kick start within the swimming world. Since the acceptance of the kick start and

the velocity and power advantage of using the back plate, research has been completed
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to further enhance the start, including assessing leg positioning (Kibele et al., 2015),
weight distribution (Barlow et al., 2014; Welcher et al., 2008) and position of the back
plate (Takeda et al., 2012).

Another new change in start set-up is the backstroke wedge, introduced in 2014.
Research has found significantly faster start times by 0.8% with the wedge compared
to starts without the wedge. Jump distance also increased, and a smaller entry hole
diameter was created when the backstroke wedge was used (Sinistaj et al., 2015). As
outlined above, increasing jump distance enables the swimmer to have a longer flight
phase and travel at a faster velocity for longer, as velocity decreases upon water entry
as air resistance is less than water resistance (Thng et al., 2020; Tor et al., 2015a).
Deceleration can be reduced by creating a smaller entry point during the start, as water
resistance is limited when the entire body enters the water through the same hole
because there is less contact with the water (Takeda et al., 2014). These results
demonstrate how the new backstroke wedge can significantly increase horizontal
velocity during the flight and underwater phases, which can enhance start time,
providing additional technical considerations, such as angles of descent and ascent,

are efficiently practised.

There have been two major developments within swimming that have had a direct
impact on the start. The new back plate on the start block enables swimmers to achieve
a greater power output and horizontal velocity off the block, supported by decreases
in start time compared to the old set-up technique. Similarly, the backstroke wedge
has improved start time by increasing horizontal velocity and creating a smaller entry
hole. There is an abundance of research establishing the technical interventions
through the new start blocks and backstroke wedge, but no known research has aimed
to investigate how these developments have altered the contribution of the start to total
race time, with the majority of start contribution research completed before these
interventions were introduced. Therefore, further research is needed to fully
understand the start’s current contribution to total race time. Until such research is
completed, coaching decisions are made using out-of-date research which may no
longer apply to the elite swimming world.
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Figure 2.1 The kick start (A) and the track start (B). Notice the addition of the back plate
enabling a raised position of the back foot in the kick start. (Extracted from Ozeki et al.,
2012).
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Although some research has only estimated the contribution of the start to the overall
race based on distance, other studies have furthered this research by assessing the time
contribution of the start to total race time and found that start time varies between
strokes and sex. No known research has assessed the start's contribution to total race
time across all distances, strokes, and sexes since the new equipment, which directly
impacts the start was introduced. A current update of the importance of the start to
each event, including distance events (> 400 m) enables coaches to continue making
informed decisions of whether interventions should be pursued to enhance start time
and therefore overall performance and medal likelihood. However, until a current
study quantifies start time across all events and between sexes, coaching decisions

remain based on estimates rather than accurate data.

2.2.2  Measuring start time

Race analysis through video footage has become a popular process within swimming
as it can detail a swimmer's performance and offer insight into race components where
worthwhile changes can be made during training (Veiga et al., 2013) or other
interventions. However, for race analysis to positively impact performance, coaches,
athletes, and support staff must have assurance that the data is valid and reliable, and
in most applied instances this means ensuring that the camera set-up is accurate, and
capable of monitoring and measuring worthwhile changes in swim time (Barris &
Button, 2008).

Mooney et al. (2015) completed a systematic review assessing the various camera set-
ups previously used for race analysis within swimming. Of the 30 papers reviewed,
97% of the video analysis methods were completed within the sagittal plane of motion,
20% measured swim performance above the water, 37% of papers measured swim
performance with underwater cameras and 27% used both above water and underwater
cameras. The set-up and camera configuration were discussed in detail within the
review and maximising the swimmer within the camera view, as well as the distance
of the camera from the swimmer were concluded to help reduce perspective error. The
review also discussed the use of a single, panning camera to conduct video analysis

compared to a multi-camera set-up, which places a camera perpendicular to each key
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distance being measured within the analysis, and the potential benefits and

consequences of each method.

One of the consequences of using a single, panning camera is the possible presence of
parallax error, which impacts video analysis because objects closer to the camera lens
appear to travel shorter distances than those further away (Martin et al., 2020).
Therefore, depending on the lane filmed within the pool, parallax error may lead to
inaccurate measurements of start time compared to other lanes. Consistently using the
same lane throughout training when interventions are being investigated can minimise
the effects of this error, and placing the camera perpendicular to, but as far back as
possible from 25 m ensures that any parallax error on either side of this distance is
equal. However, if only one distance is being measured (e.g. 15 m for analyses
focussing on just the start) within the analysis, having a camera which is perpendicular
to this distance will reduce the parallax error substantially, regardless of the distance

away from the pool.

Despite the reduced parallax error, a multi-camera set-up is often unrealistic within
the applied setting, as restrictions are often enforced within the competition
environment for analysis equipment, limiting the available camera positions and
operators. A single, panning camera is more realistic within a competition
environment where race analysis is often time-sensitive because coaches and
swimmers require analysis reports from morning heats ahead of evening finals. Using
multiple cameras requires synchronisation for race analysis to be completed, thus
increasing the processing time and affecting the ability to complete race analysis
within sufficient time, despite being the most accurate method to reduce parallax error
(Stephens et al., 2019). Processing time is substantially reduced when using a single
camera, making it a favourable analysis method when used within the applied setting,
providing the method has been validated beforehand, and users have completed a

reliability check.

The validity of using a single, panning camera to complete race analysis was
conducted by Kelley (2014) during a domestic swim meet. Times to 5, 10, 15, 25, 35,
40 and 45 m were measured using a single panning camera at 25 m and multiple
cameras placed perpendicular to each predetermined distance. All strokes and
distances up to 400 m were recorded for both sexes and frame rates were all set to 50
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frames per second. The times to each predetermined distance were compared between
the two cameras to produce a mean error value, and limits of agreements and
confidence intervals were also calculated. Distances further away from 25 m had
greater mean error values; for example, the 45 m distance had a mean * standard
deviation (SD) of -0.133 + 0.137 s. The 25 m distance had the smallest mean error
(0.006 + 0.045 s). The mean error for 15 m time was -0.047 (£ 0.076 s), with butterfly
having the largest mean error range across the four strokes, outlining the differences
between strokes and the potential caution that should be considered when each stroke
is analysed. Kelley (2014) discussed a SWC value and defined it as an improvement
in one finishing position during the race, but a SWC value was only provided for turn
time (15 m off the wall), as this was the main focus of the paper. A 0.47% improvement
in turn time was calculated as the SWC needed to improve finishing position by one
place, based on results from the 2012 London Olympic Games and the SWC required
to make an Olympic Final (Table 2.3). Despite this description, the SWC referenced
throughout the paper was 0.2 s, based on anecdotal evidence from the coaching and
performance analysis team, which based on the results in Table 2.3, predominantly
applies to 100 m performance. Nonetheless, the single, panning camera set-up was
deemed valid for use within a race analysis setting as the mean error for all distances
were lower than 0.2 s. As this SWC value was based on turn times and anecdotal
evidence, the relevance to other distances, and whether these additional distances can
be accurately measured using the single panning camera set-up is questionable.
Therefore, an additional validation focussing on error differences between the two
camera set-up methods for start time is necessary, accompanied by a pre-determined
SWC value for start time. Nonetheless, the results of Kelley (2014) support the use of
a single, panning camera to obtain race analysis within an applied setting when

cameras perpendicular to each set distance cannot be used based on set-up restrictions.
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Table 2.3 The freestyle world record, 0.47% of the world record and this 0.47% improvement
divided by the number of turns (extracted from Kelley, 2014).

Distance 100 m 200 m 400 m 800 m 1500 m
World Record (s) 46.91 102 220.07 452.12 871.02
0.47% improvement (S) 0.22 0.48 1.03 2.12 4.09
Improvement per turn (s) 0.22 0.16 0.15 0.14 0.14
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To summarise, parallax error is a potential consequence of conducting race analysis
with a single panning camera and can lead to inaccurate start times, however it is a
more realistic method to use within the applied environment where set-up and travel
restrictions can reduce the number of cameras and operators available. The lower
processing time enables feedback to be delivered to coaches and swimmers faster for
any necessary changes to be made between heats and finals. Nonetheless, further work
IS necessary to establish the accuracy of a single panning camera within the context of
a SWC for start time, rationalised by previous research where significant
improvements in start time have been identified, instead of anecdotal evidence.
Provided that mean errors for start time are smaller than the SWC, and there is a high
user reliability, this would further support the use of a single panning camera set-up

as an accurate, time effective method for determining start time within swimming.

2.2.3  Summary

The start is a key component of sprint swimming and can contribute up to 30% of total
race time (Lyttle & Benjanuvatra, 2005). However, due to equipment changes within
the last two decades, such as the introduction of the back plate on the start block in
2009, there is some discrepancy over the contribution of the start to total race time,
with no known research offering a more recent quantification of start time across all
events and between both sexes. Measuring start time during competitions can be
beneficial to observe how training and interventions impact start performance,
providing there is a SWC which has been predetermined through previous literature.
Although a multi-camera set-up is desirable because of the reduced parallax error, a
single, panning camera is often more realistic within the applied setting but should be
validated in advance to ensure accurate start times are measured and confident

decisions can be implemented based on the results.
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2.3 The determinants and underpinning factors of start performance

2.3.1 Deterministic model of start performance

As outlined above, the start is a key element of overall sprint swimming performance
and can contribute up to 26% of total race distance (Slawson, 2010). As a result, start
research has been conducted to understand how technical changes can enhance start
performance, including underwater fly kick frequency (Yamakawa et al., 2017),
underwater trajectory (Tor et al., 2015d) and foot positioning on the backstroke wedge
(de Jesus et al., 2013).

Additional research has aimed to establish the biomechanical and physiological
underpinnings of a successful start. For example, Tor et al. (2015) analysed 52 dives
performed by Australian national swimmers on the Wetplate analysis system. This
system had previously collected a range of above-water and underwater Kinetic and
kinematic variables, including horizontal velocity at take-off, entry velocity, peak
horizontal and vertical forces, underwater velocity and start time. Factor analysis
determined the impact each variable had on start performance, and based on these
results, regression analysis was conducted to understand which variables contributed
to predicting start performance. Block time and horizontal velocity at take-off were
identified as key above-water parameters. However, horizontal velocity at take-off
was the only significant predictor of start performance. The underwater parameters
included time in underwater descent and ascent and time to 10 m, and all three were
significant within the regression analysis to predict start time (Table 2.4). Ruschel et
al. (2007) also found significant correlations with start performance and average

underwater velocity, flight distance, angle of entry and descent distance.
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Table 2.4 Multiple regression outputs identifying the significant block and underwater
parameters which significant contribute to start time. Note the importance of horizontal velocity

at take-off to improve start performance (extracted from Tor et al., 2015).

On block parameters

Parameter B R P Full model
Constant 12.31 0.00* R 0.90
Take-off horizontal velocity -1.42 -0.90 0.00* R? 0.81
Time on block 1.07 0.50 0.13 P 0.00
Full equation

Time to 15 m = 12.21-1.42 (Take-off horizontal velocity)

Underwater parameters

Parameter B R P Full model

Constant 0.51 0.01* R 0.98
Time to 10 m 1.50 0.05 0.00* R? 0.96
Time underwater in ascent 0.05 0.02 0.06* P 0.00
Time underwater in descent 0.12 0.04 0.01*

Full Equation

Time to 15 m =0.51 + 1.50 (time to 10 m) + 0.05 (time in underwater ascent) + 0.12 (time in

underwater descent)

*Significant for P < 0.05
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Both Ruschel et al. (2007) and Tor et al. (2015) established horizontal velocity at take-
off as the key underpinning of the start and suggest that if start performance is to
improve, horizontal velocity at take-off must be increased. Although additional factors
contribute to start performance as outlined above, because the time taken to cover a
given distance is directly determined by the average velocity, obtaining a higher
horizontal velocity enables swimmers to travel the start distance (15 m) in less time
(Barbosa et al., 2010), providing drag and therefore deceleration is reduced during the
underwater phase. Therefore, faster start times can improve overall performance and
contribute to medal likelihood (Table 2.2). As a result of horizontal velocity
underpinning start performance, a deterministic model was developed by the
researcher for the purpose of this thesis (Figure 2.2) to offer a holistic approach to
enhancing horizontal velocity throughout the start, with this variable being directly
impacted by the block phase (power output) and the underwater phase (reducing drag).
Considering some of the physiological, biomechanical and psychological variables
that underpin power output, drag reduction, and resultant horizontal velocity, this
should enable an enhancement in start time, which, even if marginally improved, can

significantly impact overall performance and medal likelihood.

Research has aimed to establish how increasing horizontal velocity during the block
and flight phase can enhance start performance, providing drag is minimised during
the underwater phase. Figure 2.2 outlines some factors that can contribute to horizontal
velocity and included technical considerations throughout the start and the
physiological properties that affect muscular contractions. Within this deterministic
model, one of the immediate underpinnings of horizontal velocity during the start is
drag, which depends on take-off and entry angles and the underwater fly kicks. The
other immediate underpinning of horizontal velocity during the start is power output,
which can be manipulated through pre-race interventions and the block phase (Figure
2.2).
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Figure 2.2 A deterministic model outlining the variables that contribute to start time, predominantly from a biomechanical and physiological perspective.
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The variables within Figure 2.2 have been selected based on results from previous
research which has aimed to enhance horizontal velocity and start performance,
outlined at the beginning of this section. As this thesis aims to investigate pre-race
interventions, this is the primary focus of Figure 2.2, and therefore the variables
within the model relate directly to those interventions which might impact power
output. Their potential contribution to enhancing power output, and therefore start
performance, are further discussed in Sections 2.4 and 2.5. However, it is important
to note that this is a theoretical model, and changes in one component of the model
could positively or negatively impact start time. Other factors should therefore be
considered when power output off the block is being measured. For example,
increased power output may enhance horizontal velocity, but could alter entry angle
and increase the drag experienced by the swimmer, therefore negatively impacting
start time. Nonetheless, Figure 2.2 outlines the variables that can affect start time that
will be discuss throughout the remainder of this thesis and is not an extensive list of

the factors that can influence the start.

2.3.2 External power output and horizontal velocity

The start is a multi-joint movement which requires a swimmer to effectively coordinate
and produce a large horizontal velocity off the block/backstroke wedge and maintain
this velocity underwater by minimising drag, as outlined above (Figure 2.2). Variation
in start performance is often observed, particularly within the underwater phase, the
longest phase of the start where the largest variance typically occurs (Tor et al., 2015d).
External power output is the product of external force production and velocity of the
centre of mass, and can be measured and monitored through kinetic data using force
platforms (Noffal & Lynn, 2012); therefore, external power output can be used as a
measure of a swimmer’s ability to produce a large horizontal velocity over a relatively
short period of time and of overall start performance. For the remainder of this thesis,
“power” and “power output” will refer to external power and external power output,

unless otherwise stated.

To understand the relationship between power output and horizontal velocity,
Newton's first law of motion, which describes how a body will remain in a constant

state of rest or motion until an external force acts upon it, must first be considered
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(Santavy, 1986). Force is generated within the muscles through an intricate series of
neural and metabolic pathways, which result in muscle shortening and tension
developing within the muscle (Powers & Howley, 2012); Section 2.4.2 provides a
more detailed outline of how muscular contractions occur. Based on these events,
muscles can contract and produce force, which, if large enough, can overcome inertia
and result in movement depending on muscle shortening velocity (Figure 2.3; Itza-
Ortiz et al., 2004; Jaric, 2015). When the force generated by the muscles is applied by
the foot to the starting block/backstroke wedge, based on Newton’s third law of
motion, an equal and opposite force is applied back onto the foot, enabling a swimmer
to propel themselves forward/backwards. Once the swimmer begins to initiate

movement, power is generated (Turner et al., 2020) based on the equation below:

Work
ATime

Power=

Increasing lower-body power output during the block phase to improve start
performance has been supported by West et al. (2011), who measured start time, 3
repetition maximum (RM) squat strength and CMJ performance within 11
international sprint swimmers. CMJs were performed on a force platform to obtain
CMJ height and power output and starts were performed on a start block with an
integrated force platform to determine peak vertical and horizontal forces. Significant
negative correlations were found between start performance and CMJ height and
relative power. Additionally peak vertical and horizontal force significantly correlated
with start time, 1RM strength and peak power. These results support lower-body PPO
as an underpinning to horizontal velocity, as shown through the significant correlations
between power output and start performance, as well as demonstrating the relationship
between force production and power output. The correlations found by West et al.
(2011) also suggest that lower body strength levels are an essential component to
increase power production, a principle later discussed in Section 2.3.5. Therefore,
providing the additional start variables, such as entry angle and underwater technique
remain consistent, lower-body PPO can be manipulated through physiological

principles to enhance start performance (Figure 2.2).
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Figure 2.3 Typical force-velocity (solid line) and the corresponding power-velocity
(dashed line) relationship obtained from a hypothetical muscle or muscle group. Fopt
corresponds to the muscle force that overcomes the optimal external load that results in the
optimum shortening velocity for maximising power (extracted from Jaric, 2015).
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2.3.3 Countermovement jump and the swimming start

Although increased lower-body power output is fundamental for increasing horizontal
velocity off the block and enhancing start performance, which can be measured
through 15 m time, start performance is influenced by several technical considerations
throughout the underwater phase (Figure 2.2). Ideally, power output would be
measured during the block phase to understand how effective an intervention is at
enhancing start performance. Unfortunately, measuring power output during the block
phase can be unrealistic within the applied setting due to the availability of start blocks
with an integrated force platform. Therefore, an alternative land-based measure is
required to give insight into a swimmer's power output and ability to generate force

within the lower-body, ideally, that could transfer across to start performance.

Jump testing is often completed alongside measuring start performance to understand
a swimmer’s ability to effectively produce power, especially when this cannot be
directly measured during the start. Several jump tests have been used within previous
swimming studies. For example, Thng et al. (2020) found concentric impulse during a
squat jump was significantly correlated with start time for males (R2 = 0.746) and
females (R2 = 0.651), with higher impulses on the block eliciting shorter start times.
Despite this support for the squat jump, the CMJ is most investigated within swimming
research and its relationship to start performance, and the remainder of this section
supports this relationship. Likewise, the participants within Chapters 3 — 5 of this thesis
regularly completed CMJs throughout the training season as this assesses their
fundamental ability to forcefully and powerfully extend their legs, irrespective of the
different global body orientations which may be used to satisfy the demands of
different sporting tasks. Therefore, investigating the relationship between CMJ and the
start is more comparable to previous swimming literature, and has a greater real-world

application to the elite swimming population.

West et al. (2011) investigated the relationship between CMJ and start time within 11

international sprint swimmers to understand whether improvements in CMJ

performance can be transferred to the start. They found significant negative

correlations between start time and CMJ height and power output, measured using a

force platform. Peak vertical and horizontal forces measured on a force platform

during the block phase also significantly correlated with CMJ height and power output,
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establishing a relationship between the CMJ and start performance and enabling CMJ
performance to become an alternative measure of start performance when start blocks
with an integrated force platform are unavailable, as can often be the case within the
elite sporting world. The results of West et al. (2011) also suggest that as well as
horizontal velocity, peak force and power output are important considerations for
determining start performance, which is anticipated because of the relationship
between force, power and velocity (Section 2.3.2). Monitoring PPO changes through
start time can only be identified if all additional variables which contribute to start
performance (Figure 2.2) remain consistent across all trials. As a result, monitoring
CMJ performance can give a direct insight into how interventions impact PPO, which

is likely transferred to the start based on the correlations by West et al. (2011).

Cossor et al. (2011) also studied the relationship between CMJ and start performance
within six international male swimmers whilst accounting for the potential change in
block set-up position because of the new back plate on the start block (Section 2.2.1).
Participants performed a start at maximum effort, and three CMJs were completed on
a force platform, one with both feet next to each other, one with the right foot in front,
and one with the left foot in front to replicate the position a swimmer adopts when
performing the start. When the right foot was in front, significant relationships between
peak vertical jump force and block time and peak horizontal and vertical force and
start time were found. A significant correlation was found when the left foot was in
front for peak vertical jump height and peak vertical force. These results support the
transference of CMJ performance to start time, particularly when one foot is in front
of the other, as is the case during the swimming start. Although start time was not
included within the correlation analysis, Cossor et al. (2011) isolated the block and
flight phases, thus removing any technical variables which can influence start time
throughout the underwater phase, the phase where the largest variance within start
performance occurs (Tor et al., 2015d). However, as start performance is dependent
on the horizontal velocity achieved on the block (as well as the deceleration which
occurs when the swimmer enters the water), isolating the block and flight phase can
provide a direct measure of the swimmer’s ability to produce power and increase
horizontal velocity. Therefore, although start time was not measured by Cossor et al.
(2011), the results still support the use of CMJs to monitor start performance when
assessing power off the block, particularly as the block phase impacts the subsequent

start phases (Barlow et al., 2014), and an increase in power output on the block can
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enhance horizontal velocity, and therefore start time, providing deceleration is

minimised when the swimmer enters the water (Section 2.3.2).

The relationship between CMJ and the start was more recently supported by Garcia-
Ramos et al. (2016), who assessed relationships between start time, CMJ and squat
jump performance in 20 international female swimmers. Significant correlations were
found for jump take-off velocity and 5 m time. A significant correlation was also found
for relative PPO and 5 m and 10 m times; no jump variables significantly correlated
with start time. As 5 m time is less dependent on the underwater phase, these findings
continue to support the use of CMJs to monitor start performance and reemphasise the
importance of power generation on the block to reach 5 m and 10 m faster.
Unfortunately, because the study failed to specify the event the participants specialised
in, generalising the findings to other elite swimmers cannot be achieved. For example,
suppose the majority of the sample were distance swimmers. In that case, because PPO
is less of a determinant in distance swimming, as this variable is not sustainable during
distance events (Rodriguez & Mader, 2010), PPO is likely to be less than if sprint
swimmers were used. Nonetheless, as 5 m time significantly correlated with relative
PPO, this supports CMJ performance as a monitoring method for start performance

when PPO cannot be directly measured during the block phase.

As well as significant correlations between CMJ and start performance, Sammoud et
al. (2019) investigated the effects of plyometric jump training and whether
improvements in CMJ performance can be transferred to the start. A group of 26 male,
prepubertal swimmers either completed an eight-week plyometric jump training
programme alongside swim training, or just swim training. CMJ and start
performances were performed before and after the intervention. Following the eight
weeks, CMJ height increased by 10%, and start time decreased by 5% for those who
had completed the plyometric jump training. The control group had a decrease in CMJ
height by 3%, but start time decreased by 2%. Therefore, although start time can
improve through swim training alone, faster start times have been found when
improvements in jump performance are also sought, thus establishing the CMJ as a

land-based measure to monitor start performance.

Significant correlations have been found between start time and CMJ performance,

suggesting that CMJ performance can be monitored throughout training to ensure

physiological adaptations are induced to enhance power output when this cannot be
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directly measured during the start. Correlations have identified significant
relationships between lower-body PPO and start time, suggesting that if any change in
CMJ performance were to occur, they would likely transfer to the start. CMJ can
therefore be considered a performance measure which provides a direct insight into
PPO and removes any additional variables which may impact start performance,
enabling coaches and practitioners to confidently identify changes in PPO. Although
take-off angles during the start and CMJ are different because of their set-up, recent
research has found significant correlations between dive distance and CMJ height
(Calderbank et al., 2020). Therefore, if translated correctly, enhancing CMJ height and
PPO can be associated with a heightened horizontal velocity at take-off which is
sustained for longer because dive distance is increased. These enhancements during
the block and flight phases benefit swimmers as this prolongs the time they travel their
fastest throughout the race, before deceleration occurs due to drag forces (Kiuchi et
al., 2010; Rago et al., 2018).

2.3.4 Measuring peak power output

An accurate and reliable method to measure PPO during the start and CMJ increases
the confidence of coaches and support staff that improvements in power output are
transferred to the start and are not a systematic error within the method used to record
CMJ height and PPO. Currently, multiple methods are available to monitor CMJ
performance, all with varying financial, accessibility and validity considerations.
Inertial measurement units are easily portable, require minimal set-up and although
research has supported inertial measurement units to accurately and reliably determine
CMJ height (Picerno et al., 2011; Toft Nielsen et al., 2019) through accelerometers,
gyroscopes and magnetometers (Ahmad et al., 2013), it has been suggested that an
alternative method should be used to accurately determine PPO (Rantalainen et al.,
2018). Additionally, jump-mats can offer instantaneous CMJ height and flight time
results based on the time between take-off and landing, determined through contact
with the mat (Klavora, 2000), but these are not valid compared to other methods
(Dobbin et al., 2017).

Force platforms provide highly accurate force readings and are the gold standard

method for measuring external ground reaction forces. Body weight can be measured
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through the vertical force applied to the force platform during quiet standing, and mass
can be determined from this by accounting for the magnitude of acceleration due to
gravity. Following this, centre of mass acceleration can be derived through Newton's
second law of motion (Section 2.3.2), and velocity and displacement of the centre of
mass can then be calculated through various integration methods (Buckthorpe et al.,
2012; Owen et al., 2014); jump height can be accurately calculated using take-off
velocity (Moir, 2008)

There are multiple considerations when recording CMJ performance using a force
platform, which can all impact the validity of the final CMJ height and PPO results,
and several protocols exist to determine these measures. For example, CMJ height can
be calculated using flight time, total centre of mass displacement, or take-off velocity,
which can provide different results (Moir, 2008). This lack of consistency between
definitions and calculations of CMJ performance using a force platform was addressed
by Owen et al. (2014), who aimed to establish a protocol to measure lower-body PPO
when 15 male rugby union players completed a maximal CMJ on a force platform.
Within the study, differences were investigated for the vertical force range, sampling
frequency (100, 500 and 1000 Hz), method of numerical integration (Simpson’s rule
and the trapezoidal rule) and identification of the initiation of the CMJ (when force is
greater than bodyweight + 5 SD minus 90 — 30 ms), as these are important
considerations when calculating CMJ height and PPO. Each variable was reviewed,
and the recommended criterion method is presented in Table 2.5. Therefore, despite a
range of variable considerations available when measuring CMJ height and PPO, the
process described by Owen et al. (2014) should be followed, when possible, due to the
thorough validation completed.

Force platforms are capable of providing highly accurate CMJ results and are
considered the gold standard for collecting force data. Through Newton's laws of
motion, equations can determine many dependent variables, such as jump height, flight
time and PPO. As a result of their reliability, practitioners can have confidence that
changes in CMJ performance are a result of training adaptations rather than the
systematic error from the force platform (Beckham et al., 2014). Although, various
methods are available and method consistency is crucial for monitoring CMJ
performance, force platforms, whose models have been previously validated, should

31



be utilised to ensure the accuracy and reliability of the data is maximised where

possible.
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Table 2.5 Criterion method specification for the measurement of peak mechanical power in a CMJ by the criterion force platform method (bodyweight + 5
standard deviations; extracted from Owen et al. 2014).

Variable Criterion method specification

Vertical force range and resolution 5.6 x bodyweight of higher at 16-bit resolution

Sample frequency 1000 Hz

Integration frequency 1000 Hz

Method of integration Simpson’s rule of trapezoidal rule

Determination of body weight Mean ground reaction force measured for 1 s of the stationary stance phase immediately before
the signal to jump

Determination of initiation of jump The instant that bodyweight £ 5 SD is exceeded after the signal to jump has been given minus 30
ms
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2.3.5 Physiological and biochemical underpinnings of power output

Pre-race interventions are regularly implemented within a swimmer's race preparation,
as they can be designed to enhance power output and sprint performance. An
understanding of the physiological and biochemical processes within the body is
necessary when designing pre-race interventions, as these properties require
manipulation for subsequent performance to be enhanced through increased power

output.

Hormones

Hormones are secreted from the endocrine glands and are transported in the blood to
the desired tissues or organs. Hormones react to environmental changes to maintain
homeostasis within the body and elicit specific responses through biochemical
reactions, including growth and development, metabolism and reproduction (Hiller-
Sturmhofel & Bartke, 1998).

Testosterone has received much attention because it promotes protein synthesis while
simultaneously reducing protein degradation and eliciting muscle hypertrophy
(Vingren et al., 2010). Additional hormones, including growth hormone and cortisol,
are released in response to exercise to maintain glucose levels or promote tissue repair
following intensive exercise (Birzniece et al., 2011; Powers & Howley, 2012). The
hormonal response of growth hormone, cortisol and testosterone to isometric strength
training was assessed by Hansen et al. (2001) in 16 untrained males before (pre) and
after (post) a nine-week strength training programme. Eight participants completed a
one-sided arm-only programme, and the other eight completed a one-sided leg and
arm programme. Significant acute changes in hormone plasma concentrations were
found for testosterone for the leg and arm group for pre and post-blood concentrations.
The leg and arm group had a significant increase in cortisol during pre; the arm-only
group had no significant increases in cortisol concentrations during pre or post.
Growth hormone was lower during post for the leg and arm group compared to pre,
but the arm-only group had higher growth hormone plasma concentrations at post

compared to pre, although this was not significant. It was concluded that training larger
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muscle groups elicits a larger anabolic hormone response, thus increasing strength

levels to a greater extent than when smaller muscle groups are trained in isolation.

Hormones are released into the bloodstream in response to various factors, including
exercise. They encourage muscle hypertrophy, which can lead to chronic increases in
power output. Although there are acute hormonal responses to exercise, it is unclear
whether this leads to acute increases in power output and the possible impact on
subsequent performance. As some hormones elicit a growth and development
response within the muscle, the impact on acute power production is likely minimal,
with more influence on chronic power production. Therefore, measuring blood
hormone levels may only offer insight into the effectiveness pre-race interventions
have at eliciting a hormonal response, rather than the impact hormone concentrations

have on immediate power output.

Motor unit recruitment

Motor units are present within the muscle and are stimulated to perform muscular
contractions through synaptic inputs transferred from the central nervous system;
motor units are composed of motor neurons and their adjoining muscle fibres (Powers
& Howley, 2012; Wakeling et al., 2006). The more motor units stimulated, the greater
the force production, as more myosin heads are bound to the actin binding sites;
therefore, the central nervous system directly influences force production and power
output (Dideriksen et al., 2022). However, the ability to stimulate more motor units

within the contraction is more comprehensive and relies on motor unit recruitment.

Since motor units can dictate force magnitude during a muscular contraction, previous
research has sought to identify how motor unit recruitment is organised and the
variables that impact the number of motor units stimulated. The work of Henneman
has provided breakthroughs in the knowledge of motor unit recruitment. Henneman
(1957) assessed how different electrical stimulations impact the reflex response
magnitude within the ipsilateral sciatic nerve of cats. When the stimulation voltage
was raised, an increase in firing frequency and reflex discharge amplitude was also
observed. For example, a 10.0 v stimulation elicited a discharge amplitude which was
twice the size of the discharge amplitude during the 5.0 V stimulation. Therefore, it

was concluded that motor units are recruited in order of size, with smaller contractions
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requiring less stimulation and, therefore, fewer motor units and vice versa. It was
suggested that this size principle resulted from the excitability of smaller motor units
compared to larger motor units, supporting the need for increased motor unit

recruitment to elicit stronger, more powerful contractions.

Once recruited, research has found the magnitude of the synaptic input is less to
maintain force production than initiating a muscular response. Gorassini et al. (2002)
sought to investigate the synaptic input of motor units throughout voluntary and
reflexive contractions. Motor unit activity (recruitment and de-recruitment) from the
tibialis anterior and soleus of 11 participants was measured through intramuscular
electrodes and surface electromyography during contractions at 2 to 5% maximal
voluntary contraction (MVC). Results found that once a motor unit was recruited
following voluntary contractions, it would continue firing during subsequent
contractions regardless of the intensity. Therefore, for power output to increase during
the start, higher-order motor units need recruiting, a process which can be achieved
through pre-race interventions and will be discussed further in Section 2.4.

Power output is directly impacted by motor unit recruitment and firing rate, with a
greater proportion of motor units eliciting a greater force output from the muscles.
Motor unit recruitment can be altered by preceding contractions and relies on the
excitation of the synaptic nerve to stimulate motor unit activation and, therefore,
muscular contraction. Motor unit recruitment is reviewed again in Section 2.4.2,
detailing how conditioning activities can elicit earlier recruitment of motor units,

aiding subsequent power output and performance.

2.3.6  Summary

There is a clear connection between power output and horizontal velocity, with greater
power production within the muscle typically leading to an increase in horizontal
velocity, enabling swimmers to obtain faster start times, providing the underwater
phase is efficient at reducing drag. Although PPO during the start can be difficult to
measure within the applied setting, research has found a strong relationship between
CMJ and start performance. CMJs can be monitored through several methodologies,

but force platforms are considered the gold standard because of their high accuracy
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and reliability. There are several physiological and biochemical underpinnings of
muscular power, with hormones eliciting muscle hypertrophy, which can enhance
power output in the long term. For an acute increase in power output, motor unit
recruitment needs to be maximised to ensure all motor units within the muscle are

activated and able to increase power within the muscle.

2.4 Postactivation potentiation as a pre-race intervention

During training, coaches and practitioners utilise different physiological stimuli and
technical changes with the aim of maximising the athlete's competition performance.
However, chronic changes cannot be achieved during competition because of the time
requirements for physiological adaptations and skill acquisition (Williams & Hodges,
2005). Therefore, coaches and support staff investigate pre-race strategies to provide
athletes with acute performance enhancements at competition. Amongst all sports,
WUSs have been widely accepted as an effective method for preparing athletes, both
physiologically and psychologically (Hedrick, 1992; McGowan et al., 2015).
However, additional pre-race interventions can be utilised to maximise performance
alongside the traditional WU; one of these is PAP. PAP is a pre-race intervention
where athletes complete a conditioning activity shortly before competing to enhance
performance. PAP is considered to improve the performance of strength and power-
based movements within the muscles, providing the conditioning activity and the
subsequent movements are biomechanically similar (Gotas et al., 2016; Kilduff et al.,
2011; Sale, 2002).

2.4.1 Postactivation potentiation and swimming and countermovement jump
performance

A vast amount of research has assessed the effectiveness of PAP across multiple
sports, including rugby (Bevan et al., 2009; Kilduff, Bevan, Kingsley, et al., 2007;
Kilduff et al., 2013), basketball (Gotas et al., 2016; Sygulla & Fountaine, 2014), and

athletics (Gotas et al., 2016; Lim & Kong, 2013). However, this section of the review
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will focus on PAP within swimming and CMJ performance, a movement which

previous research has found reflects start performance (Section 2.3.3).

Before 2011, only a handful of studies had been conducted investigating PAP within
swimming. Interestingly, this coincides with new equipment being introduced into the
sport, including the back plate on the start block and the backstroke wedge (Section
2.2.1). As the swimming start is dependent on horizontal velocity, which is determined
by power output (Figure 2.2), it can be considered that PAP will have a positive effect
on start and overall swimming performance, something researchers have since aimed

to quantify.

Sarramian et al. (2015) assessed differences in 50 m freestyle swim times of 18
national level swimmers following a traditional 30 min swim WU, a lower-body PAP
conditioning activity, an upper-body PAP conditioning activity and a combined upper-
and lower-body PAP conditioning activity. All PAP conditioning activities were
preceded by a 15 min swim WU and 10 min changing period. The traditional swim
WU had significantly faster 50 m times than upper-body PAP by 1%. Although no
other significant differences were identified, results showed that the traditional race
WU had faster 50 m times than any PAP condition (Figure 2.4). Despite these results
indicating that PAP is not beneficial at enhancing overall swim performance, other
studies have presented conflicting results. Hancock et al. (2015) found an
improvement in 100 m swim performance after four dynamic 10 m sprints whilst
attached to a power rack. Swims were completed after a 6 min recovery time. Overall,
swim times were significantly faster after the conditioning activity by 0.9%, rather
than those who had only completed a 900 m standardised WU (Table 2.6). Both 50 m
split times were also faster after the conditioning activity by 0.9% and 0.8%,
respectively, although these were not significant. Blood lactates showed a 7% increase
after the conditioning activity. The variation between the findings of Sarramian et al.
(2015) and Hancock et al. (2015) may be explained through the recovery time between
the conditioning activity and performance. Sarramian et al. (2015) used 4, 8 and 12
min recovery times based on individual strength testing. However, these times may
have been too dispersed, unlike the 6 min recovery time set by Hancock et al. (2015).
Variation in recovery time will be discussed further within Section 2.4.4 of this review.
However, the dynamic sprints designed by Hancock et al. (2015) are more

biomechanically similar to the proceeding swim, compared to the conditioning
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activities implemented by Sarramian et al. (2015), another important consideration
when maximising the effectiveness of PAP. The results of Hancock et al. (2015) are
also further supported by McGowan et al. (2016), who assessed different WU
strategies on 100 m freestyle swim times using 16 national junior swimmers. The
conditioning activity comprised four different activation exercises repeated twice over
5 min, followed by a 100 m maximum effort swim from a dive. Swim time was
significantly faster after the conditioning activity compared to the standardised WU
by 0.7%, and although start times were not significantly faster, turn times were also
quicker following the conditioning activity. Despite some similarity between Hancock
et al. (2015) and McGowan et al. (2016), some uncertainty remains surrounding the
effectiveness of PAP within swimming and the most appropriate conditioning activity
protocol and recovery times necessary for proceeding performance to be enhanced.
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Figure 2.4 Mean times to 50 m freestyle after traditional swim warm-up (RSWU), upper-body
PAP (UBPAP), lower-body PAP (LBPAP) and combined upper- and lower-body PAP. *
denotes a significant decrease in 50 m time compared to UBPAP (p < 0.05). Please note the
Y-axis starts at 26.5 s as presented by Sarramian et al., (2015).
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Table 2.6 Swimming performance for 100 m and 50 m splits for all participants (extracted
from Hancock et al., 2015).

Distance Control time (mean * PAP time (mean + SD p
SD (s)) ()
100 m 63.45 + 5.37 62.91 £ 5.06 0.029
1st 50 m 29.78 £2.48 29.52+2.34 0.051
2nd 50 m 33.67 +2.93 33.40+2.78 0.058
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Other swimming studies have focused on the start, as this skill requires a high-power
production to be successful (Section 2.3.2). Considering this, Kilduff et al. (2011)
investigated the influence of PAP on start time in a group of international sprint
swimmers compared to a traditional swimming WU. Swimmers were required to
perform two dive starts having completed their regular race WU or a back squat PAP
conditioning activity (three repetitions at 87% 1RM) beforehand. Although results
showed that PAP significantly increased peak horizontal and vertical force on the
block, no significant differences were found for start time. Nonetheless, as previous
swimming races have been won by 0.01 s, even small, non-significant improvements
can influence overall performance and medal likelihood. The results of Kilduff et al.
(2011) were also supported by Cuenca-Fernandez et al. (2015) who studied the
influence of a yoyo squat conditioning activity (four repetitions at maximum effort),
a lunge conditioning activity (three repetitions at 85% 1RM) and a standardised swim
WU (control) on the start performance of 14 national level swimmers. Participants
completed all three conditions, and a dive start after an 8 min recovery. The yoyo squat
significantly improved start time compared to the control by 2%. The lunge
conditioning activity also positively affected start time by 2%, but this was not
significant. Although the comparisons between both studies are limited because of
slight differences in intensity and conditioning activity type, both have supported PAP

to improve start performance in swimming.

More recently, Cuenca-Fernandez et al. (2019) measured changes in start variables,
including peak force and resultant power output, in 13 national level swimmers
following an isotonic conditioning activity or a traditional swim WU, a similar
protocol to Cuenca-Fernandez et al. (2015). PAP had significant positive effects on
vertical force, impulse, velocity and acceleration, yet this did not apply to the
horizontal components, which were higher in the standard WU condition.
Unfortunately, start time was not measured, limiting the ability to confirm this

conditioning activity’s impact on overall start performance.

Although studies on PAP and start performance in swimming are sparse, multiple
studies have aimed to assess the changes in CMJ performance after a PAP conditioning
activity. Young et al. (1998) measured changes in CMJ height in ten male participants
before and after a set of five half-squats at 5SRM. They found a significant time effect

between the jumps, with a 3% increase in jump height 4 min after the conditioning
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activity. A significant group effect was also identified, indicating that those who had
a greater 5RM experienced the biggest potentiation effect. These results were later
supported by Gotas et al. (2016), who investigated changes in the rate of power
development during a CMJ in 13 basketball players before and after four sets of four
Keiser squats at 1RM. A significant change in the rate of power development was
found, and increased by 18% on average; however, the recovery time between
completing the conditioning activity and the final CMJ was not stated, which could
have impacted the overall results and effectiveness of the conditioning activity.

More relevant to swimming, Kilduff et al. (2011) assessed differences in CMJ height
and power output in nine international sprint swimmers following a set of three back
squats at 87% 1RM. Although they found a significant decrease in CMJ height and
power output 15 s after the PAP conditioning activity, both metrics were significantly
higher after an 8 min recovery time. These results demonstrated the impact of PAP on
CMJ performance and the importance of recovery time between the conditioning
activity and subsequent performance, an area discussed later within this review
(Section 2.4.4).

Positive findings suggest that PAP can be a beneficial pre-race intervention to ensure
start performance is enhanced. Regardless, only a limited amount of research has been
conducted assessing changes in start performance following a PAP conditioning
activity, meaning no conclusions can be made confirming which PAP mode is best at
enhancing start performance, with additional research necessary to support these

previous findings.

2.4.2 Mechanisms and physiological responses to postactivation potentiation

Despite previous literature demonstrating the influence PAP can have on strength and
power-driven movements, the underlying mechanisms and understanding behind this
physiological phenomenon remain unresolved. Several theories have been developed,
aiming to explain the biochemical and neurological changes within the muscles that

contribute to the success of PAP as a pre-race intervention.
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One strongly supported theory surrounding PAP is the phosphorylation of myosin
regulatory light-chains. During a muscular contraction, calcium is released from the
sarcoplasmic reticulum due to an action potential travelling along the T tubule. In
short, this release of calcium exposes the actin-myosin binding sites previously
blocked by the tropomyosin molecule, permitting actin-myosin cross-bridge formation
(Noakes, 2001). It is theorised that the PAP conditioning activity activates the enzyme
myosin light chain kinase, which elicits a phosphorylation of the myosin regulatory
light chain, causing a structural change within the myosin head, increasing the
sensitivity of actin and myosin to calcium. A heightened calcium sensitivity exposes
more actin-myosin binding sites, increasing the likelihood of cross-bridge formation
and the rate at which these cross-bridges can produce force (Blazevich & Babault,
2019; Hodgson et al., 2005; Lorenz, 2011).

In support of this theory, Manning & Stull (1982) investigated myosin light chain
subunit (LC2) changes in rats following a tetanic stimulation within the extensor
digitorum longus muscle. They found a 0.30 mol phosphate/mol LC2 increase. The
soleus muscle was also studied using the same method. However, only minimal
changes were found, with the conclusion that differences in LC2 concentration
between the two muscles resulted from muscle fibre type differences. Despite
Manning & Stull (1982) supporting this theory in rats, discrepancies between human
participants have been found. Smith & Fry (2007) investigated regulatory light chain
phosphorylation within 11 recreationally active men following a 10 s MVC of a single
knee extension. Comparing muscle biopsies before and after the MVC, only seven
participants had a positive response to the contraction. Regulatory light chain
phosphorylation increased by 23% on average; the other four participants experienced
a 15% decrease, and no changes in power output were recorded. However, variations
in strength level and training history may have influenced the phosphorylation levels
between participants, variables later discussed within this review (Section 2.4.5) and

require consideration when developing a PAP conditioning activity.

Another hypothesis underpinning PAP is an increased recruitment of higher-order

motor units based on the muscle’s contractile history. As outlined in Section 2.3.5, the

ability to recruit motor units is determined by the size principle whereby motor units

are recruited in size order from smallest to largest. Larger motor units are recruited

during high force movements alongside the smaller motor units, recruited during low
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force movements (Henneman, 1985). Therefore, larger motor units need recruiting to
increase force production within the muscle and speed/strength performance. Using
MVCs within a PAP conditioning activity is considered to recruit these large motor
units and increase the excitation of motor neurons for a short duration after, aiding in
subsequent performances of power-based movements (Gullich & Sehmidtbleicher,
1996).

As motor neurons are recruited through the central nervous system, the excitability of
motor neurons can be monitored through the Hoffmann (H) reflex, a reflectory
reaction of the muscle elicited by electrical stimulation (Anthi et al., 2014; Palmieri et
al., 2004). To examine the impact of PAP on the H-reflex, Gullich & Sehmidtbleicher
(1996) monitored H-amplitude within the lateral gastrocnemius and soleus muscles.
They found a significant increase in the H-amplitude of the lateral gastrocnemius
muscle between 4 and 11 min following a set of five MV C's. Before this increase, an
initial decrease in H-amplitude was identified, likely due to the coexistence of fatigue
and PAP within the muscle. A similar pattern was observed in the soleus muscle,
however, H-amplitude did not reach the same peak as the lateral gastrocnemius
muscle, likely because of muscle fibre differences. Nonetheless, this increase across
both muscles following a PAP conditioning activity supports the theory of increased

motor unit recruitment contributing to the mechanisms underpinning PAP.

Increased Tm has also been attributed to enhanced muscle function following a PAP
conditioning activity. In a review by Blazevich & Babault (2019), changes in T, were
considered to result from increased muscle metabolism from a PAP conditioning
activity. Myosin ATPase activity is linked to T and determines the rate of adenosine
triphosphate (ATP) breakdown and thus the formation of myosin-actin cross-bridges
(Noakes, 2001). If heightened enzyme activity is promoted from T, this, therefore,
promotes an increased cross-bridge formation rate and power production. T and its

relevance to performance is detailed throughout Section 2.5.

2.4.3 Fatigue mechanisms

Fatigue is an inevitable consequence of exercise and is associated with reduced
voluntary force output and performance (Enoka & Duchateau, 2008). Upon
45



completion of a conditioning activity, fatigue and PAP coexist within the muscle
(Rassier & Maclntosh, 2000), however, the cause of fatigue is not considered specific
to a single-factor but many physiological and psychological factors that contribute to
decreased force output and performance (Enoka & Stuart, 1992). Fatigue's
biochemical and neurological aspects have been split into two components: (i) Central
fatigue, which relates to motor unit recruitment and the neural mechanisms
contributing to muscle contractions. (ii) Peripheral fatigue, a change in the
biochemical and contractile process within the muscle, often associated with increased

lactate accumulation (Carroll et al., 2017).

A limited amount of research has been conducted considering central fatigue theories
within maximal intensity exercise, likely because of the difficultly of measuring
voluntary activation. Nonetheless, Ross et al. (2001) found that stride rate began to
decrease during 100 m sprint performance, which was explained through a change in
recruitment pattern and firing rate. Before this, Grimby et al. (1981) found a distinction
between central fatigue and muscle fibre types. They concluded that fast-twitch
muscle fibres experience central fatigue during MVC's because of a protection
mechanism that prevents extreme exhaustion; slow-twitch fibres did not demonstrate

signs of central fatigue.

One theory surrounding peripheral fatigue is a depletion of phosphocreatine (PCr)
stores and a decreased energy supply to the muscles. ATP is supplied to the muscles
during maximal intensity exercise through PCr and adenosine diphosphate (ADP)
phosphorylation; however, PCr stores are quickly depleted, limiting maximal
contractions (Marieb, 1995; Noakes, 2001). Once PCr is no longer readily available to
the muscles, fatigue is induced, and maximal intensity cannot be sustained. PCr and
ATP depletion within the muscles has been supported by previous studies that assessed
the muscle's metabolites following maximal intensity contractions. For example, Cain
& Davies (1962) compared ATP and ADP concentrations within the rectus abdominus
muscles of frogs after a supramaximal stimulation or rested condition. ATP
concentrations were reduced, suggesting that PCr stores were also depleted and unable
to produce ATP. Assessing both ATP and PCr stores following a 30 s maximum effort
sprint, Bogdanis et al. (1996) also found significantly decreased ATP and PCr stores.

By-product (creatine and inorganic phosphate) and blood lactate concentrations were

46



also analysed and significantly increased following the maximum effort sprint, again

supporting the depletion of PCr stores inhibiting the production of ATP.

As PCr and ATP stores within the muscle are depleted, causing the onset of fatigue, it
IS necessary to ensure an appropriate recovery time is provided for these stores to

regenerate before subsequent contractions.

2.4.4 Recovery time

Depending on the recovery time between the PAP conditioning activity and
subsequent performance, power output can be enhanced, depressed or remain
unchanged (Rassier & Maclintosh, 2000). Accordingly, an understanding of recovery

duration is necessary to maximise PAP as an effective pre-race intervention.

Multiple studies investigating the effects of PAP on subsequent performance across
different recovery durations have observed an initial decrease or stabilised
performance compared to pre-PAP baselines. Immediately following a PAP
conditioning activity, Gullich & Sehmidtbleicher (1996) found a decrease in the
explosive force during voluntary plantar flexions. The explosive force returned to the
baseline value at 2 and 3 min and then significantly increased between 4 and 13 min.
On average, peak explosive force was produced at 9 min. H amplitude was also
measured and significantly increased by 32% between 8 and 9 min, demonstrating that
more higher-order motor units had been recruited following recovery from fatigue, a
PAP mechanism outlined in Sections 2.3.5 and 2.4.2. However, a large SD (% 3.5 min)
suggests a high variation between individuals regarding the required recovery duration
after PAP, as differences in participant factors can impact the ability to harness PAP
(Section 2.4.5), therefore knowledge of a participant’s strength level and training
history could indicate whether a PAP conditioning activity would aid an individual’s
subsequent performance. A similar pattern was observed by Kilduff et al. (2007) for
PPO for the upper and lower body during a ballistic bench press throw and CMJ.
Approximately 15 s after the PAP conditioning activity (3RM squat or bench press),
PPO significantly decreased for both the CMJ and ballistic bench press throw. Upper-
body PPO was significantly greater than the baseline at 8, 12 and 16 min by 3%, 5%
and 1% respectively. Lower body PPO was also significantly greater than the baseline
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at 8 and 12 min by 7% and 8%, respectively, although it had returned to a similar value

as the baseline by 16 min.

Kilduff et al. (2011) investigated the recovery duration required for PPO and peak
jump height during a CMJ. Using a group of 13 international level swimmers, results
showed that PPO and jump height were achieved 8 min after the PAP conditioning
activity. They monitored these two variables across four other time points between 15
s and 16 min after the conditioning activity. Initially, they observed a significant
decrease in CMJ performance, most likely due to fatigue being present within the
muscles. At 4, 12 and 16 min, power output and jump height had returned to similar
values as the baseline. This 8 min recovery duration was further supported by Seitz et
al. (2017), who observed similar findings on 20 m sprint performance in 20 rugby
league players following a 15 m loaded sled push (75% body mass) or a 9 m loaded
sled push (125% body mass). Similar to Kilduff et al. (2011), diminished sprint
performance was observed 15 s after both PAP conditioning activities. Sprint
performance after the 15 m sled push began to improve at 4 min, and significant
improvements were observed 8 and 12 min after the conditioning activity, with a 2%
change in performance at 8 min. The 9 m sled push had significantly worse 20 m sprint
performance than the baseline at each time point, with very likely harmful effects
found at 15 s and 4 min after the conditioning activity. These results demonstrate the
importance of recovery time after PAP to ensure performance is improved. They also
suggest how differences in the conditioning intensity can determine the success of
PAP on subsequent performance, an area considered within Section 2.4.6. A meta-
analysis by Gouvéa et al. (2013) further established the pattern of PAP response and
decay. They found that a 4 — 7 min recovery interval delivered similar results to
baseline performance, whereas significant improvements were observed in multiple
studies between 8 and 12 min. They concluded this was because fatigue and PAP were
balanced within the muscle during 4 — 7 min, whereas PAP was heightened after 8 min
because fatigue had diminished. They further established that performance returned to

baseline values by 16 min.

Although there appears to be a generalised consensus that 8 min is an optimal recovery

time following PAP, it is apparent within the results that interindividual variability

impacts the relative effectiveness of PAP on subsequent performance. As previously

discussed throughout this review, fibre type, training level and strength level are all
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participant variables that contribute to the success of PAP and the necessary recovery

time required to enhance performance.

2.4.5 Participant factors that influence postactivation potentiation

Muscle fibre type

Section 2.4.2 gave brief examples of how muscle fibre type can influence the
phosphorylation of myosin regulatory light chains. It was outlined that Manning &
Stull (1982) and Moore & Stull (1984) found differences in LC2 content between the
soleus and the extensor digitorum/gastrocnemius muscles in rats. Because the soleus
muscle is primarily composed of type | muscle fibres, these results signified the
importance of understanding muscle morphology when considering PAP
effectiveness. As the phosphorylation of myosin regulatory light chains is theorised to
be an underlying mechanism of PAP, if this process within the muscle is unable to be
enhanced, the PAP response will be reduced. Therefore, it can be considered that
muscles and individuals with higher type Il muscle fibres will benefit the most from
PAP.

Previous studies assessing the relationship between PAP response and muscle fibre
type have been completed. Houston et al. (1987) analysed muscle biopsies from the
different fibre types within the vastus lateralis of 15 participants after completing a 10
s isometric MVC or a 60 min cycle at moderate intensity on a stationary ergometer.
Although LC2 content increased significantly after the MVC, differences between
fibre types were minimal. These results support the theory of myosin regulatory light
chain phosphorylation as a mechanism of PAP. Alternatively, Hamada et al. (2000)
assessed the PAP response in 20 recreationally active men after a 10 s MVC. They
found that participants who experienced the greatest PAP effect had significantly more
type Il fibres than those with the lowest PAP effect. Obtaining biopsies from the four
highest and lowest PAP responders, fibre area was significantly larger for the high
responders for both type Ila and I1b by 32% and 40%, respectively. While these results
support the assumption that those with more type Il muscle fibres benefit most from
PAP, the maximum recovery time between the MV C and subsequent performance was
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only 5 min and, therefore, possibly an inadequate recovery time for all participants to

recover from fatigue and maximise the PAP response.

Some researchers discuss how muscle fibre type is a determinant in understanding the
mechanisms of PAP and, therefore, the protocols required for performance
enhancement. However, only a limited sample of studies have taken direct muscle
biopsies and measured the volume of each fibre type, with many making assumptions
of fibre type based on the muscle's primary purpose (O’Leary et al., 1997; Vandervoot
& McComas, 1983). If muscle fibre type remained constant within the muscle, these
assumptions could be valid, yet, although predominantly genetic, muscle fibre type
can adapt depending on training mode (Russell et al., 2003). With this in mind, the
next section will explore the implications individual training level has on the PAP

response.

Training level

Changes in motor unit recruitment is an adaptation associated with strength training
that refers back to a proposed mechanism of PAP (Sections 2.3.5 and 2.4.2). If larger
motor units can be harnessed more effectively within the muscle, the PAP response is
likely to increase, as higher-order motor unit recruitment has been associated with
acute increases in strength and power output (Gullich & Sehmidtbleicher, 1996;
Henneman, 1985). With this in mind, research analysing the PAP response amongst
different participant training levels has been conducted. Hamada et al. (2000)
investigated the PAP response of the triceps brachii and triceps surae in triathletes,
distance runners, recreationally active and sedentary men. After a 10 s MVC, twitch
responses were elicited for each muscle, 5s, 1, 3 and 5 min after the MVC to measure
peak torque and time to reach peak torque. Triathletes and distance runners had
significantly higher peak torque values in the triceps surae than the sedentary group
by 30% and 24%, respectively. Time to peak torque was also significantly higher than
both the recreationally active and sedentary groups. Triathletes had significantly
higher peak torque values than the sedentary group for the triceps brachii, but this was
the only significant result within this muscle. The other three groups had similar
values. These results show that trained muscles do have a stronger PAP response

compared to untrained. As distance runners did not experience a greater PAP response
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within the triceps brachii compared to the recreationally active and untrained groups,
this signifies the importance of completing a PAP conditioning activity within muscles

that are regularly trained and how a PAP response is not guaranteed for all muscles.

Chiu et al. (2003) also examined PAP response differences in the training level of
seven athletic and 17 recreationally active participants who completed a control WU
or a heavy resistance WU. Three squat jJumps were then performed at 30%, 50% and
70% 1RM, 5, 10 and 18.5 min after the WU. Average power output was higher across
all jJumps for the athletic group, although this was only significant for the 30% 1RM
jump. Peak power was also higher for the athletic group, with significant differences
observed for the 30% and 50% 1RM jumps. The athletic group was composed of a
football player, a triathlete, and five weightlifters, suggesting how an abundance of
lower body training can influence the PAP response and the necessity of utilising PAP
on previously trained muscles. Requena et al. (2011) found similar effects between
endurance and strength athletes for a squat jump, CMJ and a 15 m sprint compared to
untrained individuals after completing a 10 s isometric MVVC knee extension in a

seated position.

The literature suggests the PAP response is heightened in those with significant
training experience, providing the conditioning activity utilises muscles that are
predominantly used throughout this training. This is likely because of chronic
adaptations within the muscle from various training types and intensities, such as
increased hormone concentration and muscle hypertrophy, as outlined in Section
2.3.5, therefore untrained muscles might not experience as great a PAP response as

those regularly trained.

Strength level

Participant strength level is another determinant that has been suggested to impact the
magnitude of the PAP response and the necessary recovery time for fatigue to diminish
(Seitz et al., 2014). Adaptations from strength training include increased power output,
increased fatigue resistance and the ability to complete tasks at a lower effort than
before the adaptation; an increased ability to recruit higher-order motor units is also
associated with strength training (Hughes et al., 2018), a PAP mechanism previously

mentioned in Section 2.4.2.
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In support of this, Gourgoulis et al. (2003) investigated vertical jump performance in
20 men following a progressive half-squat conditioning activity. Participants were
split into two groups: 1RM above 160 kg or 1RM below 160 kg. The stronger group
had a 4% larger jump height compared to the group with a 1RM below 160 kg,
however, this was not significant. Seitz et al. (2014) also observed changes in squat
jump performance following a conditioning activity and found a heightened PAP
response in stronger individuals. Jump performance was measured at 15s, 3, 6, 9 and
12 min after completing three back squats at 90% 1RM. Although both groups
followed a similar PAP response pattern, stronger participants reached significantly
higher power outputs at 3 min than the weaker group, which were significantly higher
than their baseline at 6 min; the same pattern was observed for jump height. These
results suggest that stronger individuals can obtain a bigger PAP response and achieve
this earlier following the conditioning activity, explained through the fatigue
resistance adaptation achieved through strength training (Chiu et al., 2003). If fatigue
IS not as prominent within the muscles, then recovery should arise faster, permitting
PAP to enhance subsequent performance earlier after the conditioning activity. This
conclusion was further supported by Jo et al. (2010), who studied differences in
Wingate test performance following five back squats at 85% 1RM. Correlation
analysis showed that those with a greater 1RM tended to reach their maximum PAP
response earlier than weaker participants (r= 0.771, p < 0.05), thus a knowledge of
strength level is vital to determine the participant’s potential ability to harness a PAP
response, and whether a performance enhancement could be achieved through this

pre-race intervention.

2.4.6 Conditioning activity factors

Conditioning intensity and type

As outlined above, fatigue and PAP coexist within the muscle, therefore intensity is
another variable that must be considered to ensure recovery from fatigue occurs before

the PAP response is also diminished.

An early study by Vandervoort et al. (1983) suggested that conditioning contractions
needed to be at 75% 1RM or above to elicit a PAP response; contractions below this
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intensity produced little to no PAP response. Following this, McBride et al. (2005)
investigated the differences between a 30% and 90% PAP conditioning activity. They
found those who had completed the 90% intensity condition had significantly faster
40 m sprint times than the control. The 30% condition also had faster sprint times, but
these were not significant. West et al. (2013) also found that greater conditioning

intensities produced larger PPO values during subsequent performances.

Intensity is an essential component during a PAP conditioning activity to ensure
higher-order motor units are recruited, to increase power output during subsequent
performance. Although some evidence supports lower intensity conditioning activities
(Sotiropoulos et al., 2010), based on PAP mechanisms and previous findings, it can
be concluded that high or maximal intensity conditioning activities improve

subsequent performance more substantially.

Many studies have used concentric and eccentric conditioning activities with
intensities at 75% 1RM or higher, as outlined above. However, these contractions
often require significant weight-lifting equipment to obtain a PAP response, but this
may not be plausible within the competition venue. Athletes are also required to be
present in a call room environment, sometimes 20 min before the race, restricting
access to the required equipment for heavy loaded conditioning activities. Therefore,
an alternative conditioning type which effectively elicits a PAP response and can be
completed at high intensities, is easily transported and requires limited equipment is

necessary.

Ballistic exercises are dynamic movements, using maximum velocities with the
participant's mass as the only form of resistance; ballistic exercise has also been shown
to quickly recruit higher-order motor units, therefore supporting its use as a PAP
conditioning activity (Desmedt & Godaux, 1977). A literature review by Maloney et
al. (2014) outlined the principles behind ballistic exercises to elicit the PAP
mechanisms. In the review it was stated that ballistic exercises are able to recruit all
motor units in a short timeframe, compared to alternative contraction types which rely
on the size principle for motor unit recruitment. Therefore, ballistic exercises may
require less time to elicit a PAP response. Additionally, this contraction type removes
some of the limitations around equipment, and providing athletes are well-practised
with the ballistic conditioning activity, can be performed within the call room at the
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ideal time before racing, without additional support staff. As a result, ballistic PAP
conditioning activities have been studied to assess their effectiveness at enhancing
subsequent performance. Wilcox et al. (2006) investigated changes in 1RM bench
press performances following two medicine-ball chest passes or two plyometric push-
ups. Bench press strength significantly improved by approximately 3 kg after both
conditioning activities compared to the control. These improvements were also
significantly better than the baseline value. West et al. (2013) supported the effects of
ballistic PAP on the upper-body. After participants completed three sets of three
ballistic bench presses at 30% 1RM, a significant increase in PPO was found.
However, although not significant, when these results were compared to a heavy
resistance training conditioning activity (three sets of three heavy bench press at 87%
1RM), ballistic PAP power output was lower. Despite supporting the use of ballistic
PAP as a pre-race intervention, these results suggest that heavy loading conditioning
types can provide greater increases in power output. These results are likely due to
differences in conditioning activity intensity and support the need for maximal effort
intensities when completing PAP conditioning activities.

In contrast, Hester et al. (2017) investigated differences between ballistic and heavy
resistance conditioning activities on CMJ performance. Following ten rapid jumps or
five heavy back squats, jump height was similar across both conditions. Back squats
showed an initial decrease in jump height from the baseline 1 and 3 min after the
conditioning activity, demonstrating a similar recovery time pattern, as mentioned in
Section 2.4.4. Interestingly, jump height was greater immediately following the
ballistic conditioning activity and did not return to baseline values until 10 min after;
the same pattern was observed for PPO. Peak velocity and power were suppressed
below baseline for the duration of the 10 min following the heavy resistance
conditioning activity. Although none of these differences were significant, these

marginal gains can determine medal likelihood in elite sport.

One of the consequences of repeated eccentric movements is EIMD, which has been

shown to negatively affect performance (Clarkson et al., 1986; Clarkson & Newham,

1995). Symptoms of EIMD include impaired muscle function, muscle soreness and

muscle stiffness, theorised to result from changes in neurological function and myosin-

actin cross-bridge formation (Clarkson & Sayers, 1999). Isometric contractions are

considered to result in limited EIMD. Therefore, they may be a more appropriate
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conditioning type for athletes who compete over multiple days and utilise PAP to
enhance performance. Reduced EIMD will ensure muscle function can be maximised
for each race, as the mechanisms underpinning PAP will be able to function
effectively.

As a result of the reduction in EIMD, comparisons of PAP conditioning types have
been explored to determine whether isometric PAP can also enhance subsequent
performance. Esformes et al. (2011) studied isometric, eccentric, concentric and
dynamic upper-body PAP conditioning activities and their effects on a ballistic bench
press throw. PPO was significantly greater following isometric PAP, although throw
distance was unchanged. Despite no significant differences between conditioning
type, isometric PAP did provide the greatest force output and rate of force
development (RFD). Concentric PAP experienced a decreased RFD and throw
distance, suggesting that it is an ineffective contraction type. The results of Esformes
et al. (2011) were further supported by Bogdanis et al. (2014), who also found a
significant increase in baseline CMJ performance following an isometric conditioning

activity compared to eccentric and concentric conditioning types.

Baudry & Duchateau (2004) assessed differences in conditioning type and their effect
on the PAP response. They found similar PAP responses and time decays following
eccentric, concentric and isometric conditioning activities, suggesting that
conditioning type does not impact the PAP response. These conflicting results may be
explained through the differences in participant training level. As previously
discussed, training level can impact the success of PAP and the response achieved.
Because Esformes et al. (2011) and Bogdanis et al. (2014) both used competitive
athletes, a PAP response was expected, compared to the nine participants studied by
Baudry & Duchateau (2004) who did not state training level. Therefore, all variables
need consideration when designing and implementing a PAP conditioning activity.

Ballistic and isometric PAP conditioning activities are both performed at maximal
intensities, ensuring higher-order motor units are recruited before subsequent
performance. Considering motor unit recruitment and previous findings, it can be
concluded that ballistic and isometric PAP conditioning activities can enhance speed
and power-based movements. They also require limited equipment and can therefore

be easily completed within the applied sporting environment.
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Conditioning volume

Duration and number of sets/repetitions also needs consideration when manipulating
PAP. The conditioning activity needs to ensure higher-order motor units are recruited
and myosin regulatory light chains are phosphorylated to create a window of
opportunity where fatigue is diminished and PAP is heightened within the muscle.
However, only a limited amount of research has been conducted investigating

conditioning activity volume on subsequent performance.

Xenofondos et al. (2017) investigated the effect MVC duration had on twitch torque.
Six sets of isometric plantar flexion MVC’s were completed for either 3 s or 6 s. The
3 s MVC's had significantly higher peak torque values during all sets apart from the
first. The 6 s MVC's showed reductions throughout the sets, suggesting this
conditioning activity induced fatigue and the recovery duration was not substantial for
PCr regeneration and therefore a window of opportunity could not be created.

Behm et al. (2004) studied the PAP response following one, three and five MVC
repetitions. Force output was measured during a subsequent MVC leg extension at
various time points to assess the PAP decay of each conditioning activity. The one
repetition conditioning activity reported the highest force output during subsequent
performance, and force output remained elevated for 15 min following the
conditioning activity. The three repetition conditioning activity had a significantly
diminished force output at 10 and 15 min. Interestingly, the five repetition
conditioning activity followed the same pattern as outlined for recovery time in
Section 2.4.4; there was an initial decrease in force output following the conditioning
activity, before a rise in force output at 5 min, however, this did not reach the same
values as the one repetition condition. This would suggest that a shorter conditioning
activity is more effective at eliciting a PAP response. However, de Keijzer et al. (2020)
only found a small increase in CMJ and long jump performance following one set of
six half-squats, compared to two and three sets of the same exercise where a moderate
change was identified. These results suggest a higher conditioning activity volume can
recruit a greater number of higher-order motor units to better enhance subsequent
performance. However, CMJ and long jump performances were only completed at 3
min and 6 min after the conditioning activity, which, as outlined in Section 2.4.4, may

not be sufficient time to overcome fatigue.
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Unfortunately, conclusions concerning conditioning activity volume are difficult to
justify because of the limited research conducted directly investigating the effects of
conditioning activity volume on subsequent performance. Although there is a wealth
of literature surrounding PAP as a pre-race intervention, there is a considerable
variation between study methods, therefore even comparisons are unable to support or
contradict previous findings. Nonetheless, most studies have minimised the
conditioning activity volume to ensure that a window of opportunity can be achieved,
with diminished fatigue but a heightened PAP response.

2.4.7 Summary

Previous literature has given insight into the physiological phenomenon of PAP,
intending to understand the mechanisms underlying the process and the necessary
considerations to ensure PAP enhances subsequent performance. Research has shown
that PAP recovery time is approximately 8 min, although there is a need to
acknowledge the individual variation when designing a conditioning activity. A range
of findings support different conditioning types, volumes, and intensities, with PAP
responses being evident in eccentric, concentric, isometric and ballistic conditioning
activities at high intensities. Further research within the applied setting could help
determine which PAP conditioning activities can enhance start performance within
trained participants who already utilise PAP as a pre-race intervention, thus limiting
the variation training level has on PAP response.

2.5 Muscle temperature generation and maintenance

During training and competition, athletes regularly complete WUs to physiologically
and psychologically prepare themselves with the aim of enhancing subsequent
performance (Hedrick, 1992). A meta-analysis by Fradkin et al. (2010) assessed WUs
across multiple activities, including swimming. Of the 32 studies included, 79% found
subsequent performance improved by up to 20% from baseline values following a WU
compared to no preparatory exercise. No change was reported for 3% of the studies.
The remaining 17% reported a negative impact on performance by approximately 5%,
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although one study reported an 11% impairment during an activity listed as “other”.
The suitability of the WU during these studies was discussed. It was outlined that WUs
that did not improve performance were not specific to the proceeding task, or the
duration was insufficient to attain WU benefits required to enhance subsequent
performance, therefore signifying the importance of ensuring the body is appropriately
warmed-up, and sport-specific exercises are included. Nonetheless, Fradkin et al.
(2010) supported the use of WUs within swimming, as results from the meta-analysis
found swim performance was either enhanced or remained unchanged. The
physiological effects of a WU have been studied in length and include increased blood
flow and nerve impulses to the contracting muscles (Hedrick, 1992; Safran et al.,
1989). However, increased Tm has been identified as an essential mechanism for
improved subsequent performance, especially in power-based movements, such as the
swimming start (Altavilla et al., 2018; Hedrick, 1992; McGowan et al., 2015).

2.5.1 Physiological adaptations to increased muscle and core temperature

Throughout exercise, heat is produced as a by-product during metabolic reactions
within the contracting muscles and can be used during subsequent contractions or
emitted through the skin; any excess heat is dissipated into the bloodstream, initiating
a rise in muscle and core temperature (Gleeson, 1998). Typically, the initial rise of
muscle and core temperature is rapid across the first 3 — 5 min. Providing intensity is
maintained, and environmental conditions do not considerably change, this
temperature rise ceases after approximately 15 min when an equilibrium is reached,

preventing any heat-related impairment to the body (McGowan et al., 2015).

Changes in Trm can stimulate an increase in the rate of metabolic reactions within the
muscles and determine ATP usage. Ranatunga (1984) investigated this change in
metabolic activity rate within the muscles across varying temperatures and observed
a slower shortening velocity at 15°C within the extensor digitorum longus and soleus
muscles of rats compared to 35°C. Using the cross-bridge formation theory outlined
in Section 2.4.2, Ranatunga (1984) discussed how cross-bridge attachment, which
determines muscle shortening velocity (Figure 2.3), is more temperature-sensitive

than cross-bridge detachment. Therefore, if fewer cross-bridges are formed within the
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muscle, velocity will be slower, as available power output from the muscles will be
reduced. In support of this, Gray et al. (2008), found rectal temperature and T were
significantly higher by 9% and 0.3%, respectively, when hot water immersion was
used to elevate Tm. ATP stores were more depleted for type Ila muscle fibres by 13%
than the control condition; PCr stores were more depleted in the control group for type
Ila fibres. This depletion in ATP stores corresponds to the significantly larger power
output and pedal rate when muscles were passively heated and indicates a higher

metabolic reaction rate is necessary to produce greater power outputs (Figure 2.5).

Increased Tm has also been associated with decreased viscosity resistance within the
muscles and joints. Viscosity can be defined as “the resistance that a gaseous or liquid
system offers to flow when it is subjected to a shear stress” (Zatsiorsky, 1997, p. 299);
viscosity within the muscles and joints decreases as velocity increases. Hill (1922)
detailed how the heat released alongside mechanical energy elicits a response within
the visco-elastic properties of the muscle, causing a structural change which reduces
the resistance. By investigating contraction duration within frogs, Hill (1922) reported
slower twitch contractions by 16% when the sartorius muscle was at 5°C, compared
to 15°C. It was concluded that this resulted from increased muscle viscosity with lower
temperatures, emphasising how additional resistance within the muscle slows RFD
and can impair performance. Further research by de Ruiter & de Haan (2000)
supported this. They investigated the impact of passive heat on RFD and maximal
isometric force output in the adductor pollicis muscle. Maximal isometric force output
decreased by 79% when T, fell from 37.1°C to 22.2°C, and RFD was significantly
lower by 36%. Alongside decreased muscle viscosity, an increased release of calcium
and increased motor unit recruitment have also been concluded to influence RFD
during temperature changes (McGowan et al., 2015). However, additional research
beyond the scope of this thesis investigating biochemical changes within the muscle
under varying temperatures is required to confirm these physiological changes as

temperature related mechanisms.
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Figure 2.5 Pedal rate (A) and power output (B) during 6 s maximal sprint exercise under
normal (mean + standard deviation; open circles) and elevated (mean + standard deviation;
solid circles) muscle temperature conditions (extracted from Gray et al., 2008).
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Based on past findings, increasing T either actively or passively can enhance external
power output and subsequent performance. From the findings discussed within this
review section, higher T is desirable because of the observed increased rate of
metabolic reactions, improved muscle fibre performance and decreased muscle/joint
viscosity. Therefore, to enhance performance, swimmers should maintain the Tm
achieved during the WU or seek additional methods to warm muscles within the call

room environment.

2.5.2 Muscle temperature and performance

Early research aimed to quantify the effects Tm has on external power output and
sporting performance. For example, Asmussen & Bgje (1945) found the time taken to
complete 35 revolutions when sprint cycling improved on average by 6% when
participants had completed an active or passive WU, and 4% for longer distances (450
revolutions). Although this 3 — 8% temperature increase after the active WU only
provided a limited enhancement for longer cycling distances, their findings confirmed
previous hypotheses that a WU can improve power-based movements (Table 2.7). As
a result, research into temperature related mechanisms has aimed to understand how
the body reacts to preliminary exercise and its effect on subsequent performance.
Additionally, the effects of passive heating were also measured by Asmussen & Bgje
(1945). Two participants had a 10 min hot shower before completing the 35 revolution
sprint cycle. As well as higher rectal temperatures, performances improved for both
participants after the hot shower by 7% and 5%. Sargeant (1987) found similar results
when investigating different leg Tm on external power output during sprint cycling.
Participants were either immersed in water set at 45, 18 and 12°C for 45 min or sat in
a control room set at approximately 21°C for 30 min followed by a 20 s sprint cycle.
PPO increased by 11% following immersion at 45°C, whereas power output decreased
during the 18 and 12°C conditions by 12% and 22%, respectively, all of which were
significant changes compared to the control. Following immersion at 45°C, peak force
output was maintained for longer and was greater across the 20 s sprint cycle compared
to the other conditions. These results reinforce the importance of ensuring Tm is
heightened before competing to enhance the performance of power-based movements
and how this can be done through a passive method as well as a WU.
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The effect of Trmon jump performance was studied by Bergh & Ekblom (1979), who
found a 4% decrease in vertical jJump height per 1°C decrease, as well as close
associations between Tm and sprint cycling performance. These results were further
supported by Ferretti et al. (1992), who measured high jump PPO in six sedentary
male participants. Participants completed five jumps before completing a passive heat
condition by immersing their lower body in 20°C water for 90 min, followed by an
additional five jumps. PPO decreased by 27% on average for all participants, and T
decreased by approximately 24% for the group. This decrease in performance and T
supports the mechanisms outlined in Section 2.5.1, as PPO was impaired when

muscles were cooled.

Galbraith & Willmott (2018) examined the use of passive heat garments on swimming
100 m time trial performance. Although PPO was not measured during the skills
section of the trial (i.e. starts and turns), time trial performance was significantly
improved by 0.6%, and reaction time and split times were also significantly faster
when passive heat was used. Rate of perceived exertion (RPE) was also measured, and
although no significant differences were found, scores were lower by 2% on average,

suggesting that performance required less effort when Ty, decay was minimised.

Alongside the temperature related mechanisms outlined in Section 2.5.1, there is a
range of research supporting the use of heat to enhance power-based movements,
through a WU or passive heat method. As swimming start performance has been
strongly associated with PPO (Section 2.3.2) the above evidence suggests that
increasing and maintaining Tm before a performance will benefit swimming start
performance. Unfortunately, most swimming studies have placed limited focus on
start time; therefore, the direct effects of increased temperature on start time are likely
masked by other performance variables, such as stroke rate and technique. Therefore,
additional research is required to directly understand the influence of heat generation

and maintenance on start performance.
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Table 2.7 Temperature and performance measures following 30 min of preliminary work.
Shows the temperature and time take to complete 35 and 450 revolutions after a 30 min
warm-up (“warm”) compared to a 30 min rest period (“cold”) as mean =+ standard deviation
(extracted from Asmussen & Bgje, 1945).

35 Revolutions 450 Revolutions
“Cold” “Warm” “Cold” “Warm”
Rectal Cycle Rectal Cycle Rectal Cycle Rectal Cycle
temperature time temperature  time  temperature time temperature time
(°C) (s) (°C) (s) (°C) (m:s.ms) (°C) (m:s.ms)
37.08 + 14;15 37.86 + 13.32 37.08 + 5:06.58 37.89 + 4:54.48
0.15 0.'29 0.08 +0.47 0.15 +23.78 0.10 +26.23
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2.5.3 Heat loss window

Immediately after the cessation of exercise, Tm decreases rapidly and returns to near-
baseline values by approximately 15 min, although this is dependent on environmental
and participant characteristics (Kilduff et al., 2013; West et al., 2013). Therefore, the
duration between WU and racing, commonly referred to as the transition period, can
substantially impact subsequent performance depending on the measures taken by the
athlete to ensure Tm remains elevated. Understanding the ideal transition period
duration and heat loss window is essential to ensure subsequent performance is
enhanced, particularly during extended transition periods after a WU due to call room

regulations.

Multiple studies have investigated the transition period duration within swimming, to
understand its effect on Trm and performance. For example, Zochowski et al. (2007)
studied a range of transition period durations and their effect on 200 m time trial
performance in 10 national level swimmers through a repeated-measures design.
Following a 1500 m WU, participants rested for either 10 or 45 min before completing
a 200 m time trial swim. Performances were significantly faster by 1% following the
10 min transition than the 45 min, and lactate values were lower for the 10 min
condition. These results identified the performance benefits of a shorter transition
period, although additional time conditions would have given more understanding into
the ideal transition period time. Ideally, T differences between conditions would be
collected to establish these changes between conditions. Nonetheless, these results
were later supported by Neiva et al. (2017), who measured changes in 100 m freestyle
performance after a 10 and 20 min transition period. They found the shorter transition
period had significantly faster 100 m times, and start times were also faster by 2%.
Only small differences in core temperature were measured following the transition
period, with the 10 min condition having a 0.1% higher core temperature than the 20
min condition. Although only a small temperature difference was identified before the
time trial, these results support the findings by Sargeant, (1987) who found a 4%
increase in power output per 1°C increase in Tm and suggest that even 10 min

differences in the transition period can significantly influence performance.

As previously discussed, swimmers are often required to attend a call room

environment 15 - 20 min before racing and change into their racing suit, suggesting a
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shorter transition period is highly unrealistic. Therefore, for subsequent performance

to be enhanced additional strategies are necessary to maintain Tr following the WU.

2.5.4 Methods of measuring temperature

As outlined above, when exercise is initiated, heat is produced as a by-product during
the metabolic process of muscular contractions, which dissipates into the bloodstream,
eliciting a rise in Tm. The ability to measure this change in Ty can offer insight into the
effectiveness of WU and pre-race interventions to enhance PPO during subsequent
performance because of the mechanisms outlined in Section 2.5.1. Several non-
invasive methods are available to monitor temperature changes, varying in financial
cost, ease of use and processing time. Skin thermistors are placed on the skin surface
and are heated through thermal conduction to match skin temperature, with a response
rate of approximately 5 s (Shaffer et al., 2016). Although a short adjustment period
and good agreement between wireless and hardwired skin thermistors has been found
(James et al., 2014) , limitations include sensor misalignment during exercise or losing
the sensor altogether if not appropriately secured, and wires can potentially restrict
movement or become entangled during use (Bach et al., 2015). Thermal imaging
cameras also offer insight into skin temperature by producing a thermogram of the
heat distribution across the body based on the thermal energy emitted. (Ring &
Ammer, 2012; Sousa et al., 2017). Despite being a non-invasive and cost-effective
measure, as outlined by James et al. (2014), thermal imaging cameras are unable to
capture accurate skin temperature or determine Tm. Therefore, other temperature
methods should be utilised, if available, to ensure accurate conclusions are made
regarding changes in temperature, particularly when assessing pre-race interventions

when minimal changes in temperature could significantly impact power output.

iButtons are small, wireless sensors placed directly onto the skin to record temperature
using an internal thermometer and data logger (Lovegrove, 2009). Van Marken
Lichtenbelt et al. (2006) aimed to validate iButtons and determine their response time
to measuring skin temperature. 30 iButtons were placed into a water bath for 15 min
along with a calibrated thermometer. Significantly high correlations were found

between the iButtons and the thermometer, as well as a mean bias of -0.09 + 0.22°C,
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although a correction equation reduced the bias to 0.05 £ 0.06°C. iButton response
time was also measured by placing eight iButtons in a water bath at 18.7°C for 1 min
before being placed into a water bath at 41.3°C. All iButtons responded to the new
environment within the first min of the temperature change, and an equilibrium that
matched 41.3°C was reached approximately 2 min later (Figure 2.6). However, the
sampling rate was every min, so this is an estimation and could have been more
accurately defined if a higher sampling rate was used. These results support the use of
iButtons as accurate temperature measures, with high accuracy and a short response
time. The similarity between the eight iButtons regarding response time also suggested

high reliability between the sensors.

iButtons were compared to skin thermistors when applied to the skin by Harper Smith
et al. (2010). Eight recreationally active males sat for 40 min in an environmental
chamber at 10, 20 and 30°C, with a low wind velocity, high wind velocity, or whilst
cycling at 50% volume of oxygen (VO) peak. iButtons and skin thermistors were
applied to the skin in 14 locations during seated trials and eight during the exercise
trial. There was a significant variation between conditions for the iButtons and the skin
thermistors, despite high positive correlations and low error between the methods,
suggesting an adjustment is required to account for temperature offset between the two
methods. Reliability results were high for both methods, with errors below 0.1°C.
These results support the use of iButtons to monitor changes in skin temperature
providing results are compared with other iButton measurements, rather than a

different methodology.
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Figure 2.6 Temperature of eight iButtons in equilibrium with water at a temperature of
18.7°C and after a sudden shift to 41.3°C at t = 1 min (extracted from Van Lichtenbelt et
al., 2006).
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More recently, Flouris et al. (2015) aimed to validate the iButtons compared to an
intramuscular temperature probe and assess whether, through regression analysis, an
equation could be developed which utilises the iButton skin temperature measure to
predict Tr for 36 healthy participants. Three iButtons were secured with surgical tape
to the muscle belly of the vastus lateralis, triceps brachii and trapezius muscles. A
neoprene disk covered each iButton to insulate the iButton and prevent heat loss from
the skin to the external environment, eliciting a skin temperature similar to the muscle
itself. An intramuscular probe was inserted into each location. Participants were
requested to sit in an environmental chamber set to 24°C and 56% humidity, 30°C and
60% humidity or 40°C and 24% humidity. Following this passive rest period,
participants were requested to cycle at 40% VO, max for 60 min (or 90 min in the
40°C environment) before completing a final passive rest period. The results from the
intramuscular probes enabled T prediction equations to be developed for each muscle
at rest, during exercise, and for recovery and no significant differences were found
between the intramuscular probe Trm and the predicted Tm. These results support the
use of iButtons to collect skin temperatures and predict Tm within a range of
environmental conditions through regression equations. Although similar to the skin
thermistors, no known research has investigated the use of skin temperature
measurements recorded by skin thermistors to predict Tm. Providing the predictions
are accurate across environments, iButtons could become invaluable within the elite
sporting world to understand the internal environmental response to exercise, and pre-

race interventions.

Several methods exist to measure temperature, but with varying levels of accuracy and
reliability. iButtons have shown high levels of accuracy but seem most effective when
temperatures are compared with other iButton measurements. Recent research has
developed regression equations which use iButton skin temperatures to predict Tpm,
providing the iButtons are insulated with a neoprene disk, a method which has not
been explored with the other measures outlined above. Therefore, to fully understand
the impact of exercise on T, iButtons and their associated regression analysis should

be used to avoid generalisations being made from skin temperature results.
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2.5.5 Heat maintenance garments

As outlined in Section 2.5.2, achieving a heightened Tr through a WU or through
passive heating can substantially affect power output and performance. To prevent T
decreasing, athletes utilise garments to prevent or slow heat loss, ensuring that
subsequent performance is enhanced and power output increases. One consideration

Is the type of heated garment worn, i.e. whether passive or active (generates heat).

Passive garments have been the focus of a large amount of research, with benefits
found across various sports. Within swimming, Galbraith & Willmott (2018)
measured different clothing strategies on 100 m time trial performance. Nine
swimmers completed their individual race swim WU, followed by a 30 min passive
rest period where they wore a set of warm clothing, including a hooded top and gloves
or a t-shirt. Core and skin temperature measures were taken throughout the testing
sessions. Those who wore warm clothing had significantly faster 100 m swim times
by 0.6% than those who had only worn a t-shirt during the transition phase. Skin and
core temperature were significantly higher by 5% and 0.8%, respectively, following
the transition phase and remained elevated until after the time trial when warm
clothing was worn; thermal comfort (TC) was also significantly greater after this
phase. In rugby league, Kilduff et al. (2013) found significantly higher core
temperatures before and after a repeated sprint assessment when athletes wore a
blizzard survival jacket during a 15 min transition period than those who wore standard
training gear. The first four sprints were significantly faster and elicited a larger power
output for the passive heat group. Sprints five and six were similar for both conditions,
despite core temperature remaining significantly elevated following passive heat;

however, this likely resulted from fatigue mechanisms, as outlined in Section 2.4.3.

Fairbank et al. (2019) assessed the differences in temperature, speed, and time at high
metabolic power throughout a simulated first half of a rugby league match following
a passive heat intervention. Although core temperature only increased by 0.8% when
participants wore an additional quilted jacket during the 15 min transition period, peak
speed was likely higher during the first (effect size = 0.46 + 0.57), third (0.47 £ 0.32)
and fourth (0.56 = 0.47) quarters when the quilted jacket was used, and time at high
metabolic power was also likely longer during the first quarter (ES = 0.50 + 0.55). As

outlined previously, Sargeant (1987) demonstrated how small temperature changes
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can influence performance; therefore, although Fairbank et al. (2019) only found
marginal differences in core temperature, the impact on power output and speed were

beneficial.

West et al. (2016) also monitored the use of passive heat garments on sprint and CMJ
performance within 16 professional rugby union players. Following a WU,
participants rested for 20 min whilst wearing an insulative heat garment or their
standard training attire; a PAP intervention and combined protocol were also studied.
A CMJ and a six 40 m sprint test was completed. Throughout the 20 min transition
period, core temperature decreased by 29% from the WU when the insulative heat
garment was worn, whereas in the control and PAP conditions it decreased by 85%
and 88%, respectively. CMJ PPO decreased for all conditions, although the combined
and passive heat conditions experienced the smallest decrease in PPO. Participants
also had significantly faster sprint times when passive heat was implemented
independently by 0.6% compared to the control and when combined with the PAP
conditioning activity, which was 0.9% faster than the control.

More recently, heated garments have been designed with integrated heating elements
to actively warm the muscles or maintain the heat generated following the WU more
effectively. As a result, studies have aimed to assess the performance enhancements
resulting from active heat garments. For example, McGowan et al. (2016) studied the
impacts of using a jacket with heat elements on the chest and lower back alongside a
t-shirt and tracksuit bottoms on 100 m freestyle performance for 16 junior, competitive
swimmers. A standardised WU was initially completed, followed by a 30 min
transition period where the garments with integrated heating elements or a t-shirt and
tracksuit top and bottoms were worn. Before the time trial, skin temperature was
significantly higher when the heated garments were worn, and swim times were 0.5%
faster, similar to Galbraith & Willmott (2018). Start time was also measured and was
0.2% faster than the control, and peak blood lactate values were significantly higher
after the time trial. As mentioned throughout this review, although these changes are
minor, marginal gains can impact medal likelihood and overall performance (Table
2.2).

One study that has compared passive and active heat garments was conducted by
Wilkins & Havenith (2017). They assessed an upper-body electrically heated garment

70



on sprint swimming and plyometric press-up performance within 12 elite-level
swimmers, who were regular national or international competitors, compared to a
standardised jacket. Following a 30 min standardised swim WU, participants
completed a passive rest period where they sat wearing the active or passive heat
garment, alongside a pair of tracksuit bottoms and a long-sleeve top for 30 min. Four
maximum effort plyometric press-ups were then completed on a force platform before
the 50 m freestyle time trial was completed, approximately 2 min after the press-ups.
Swim times were faster by 0.8% after swimmers wore the active heat garments,
although this was only significant for male swimmers, likely because of the small
sample size for female swimmers (n = 4). Nonetheless, stroke rates and counts were
significantly greater for both sexes. Participants also had greater starting strength and
peak force values during the plyometric press-ups when the active heat garments were
used by 10% and 11%, respectively. These results, therefore, support the use of heated
elements within garments to improve subsequent performance and support the

temperature related mechanisms outlined in Section 2.5.1.

There is still a limited amount of research available comparing active and passive heat
garments, regardless of the performance benefits previously identified. Although the
swimming start is as a lower-body power-based movement, only a few studies have
measured differences between lower-body heated garments and start time, with many
studies investigating the differences in upper-body PPO, despite the importance of
lower-body PPO during the start. To ensure start performance is enhanced,
understanding the methods and awareness for which garment provides the larger
increase in lower-body PPO is necessary to obtain marginal gains that contribute to

medal likelihood.

2.5.6 Summary

There is substantial evidence to support heat generation and maintenance within
power-based sporting performances. With core temperatures and Tm significantly
dropping approximately 15 min after WU completion, heated garments are beneficial
to ensure heat decay is delayed across the transition period, especially when call room

restrictions are enforced. Additional support for active heat garments suggests that Tm
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can be sustained and even increased following a WU; however, comparisons between
passive and active heated garments is limited. Despite the swimming start being a
power-based movement, research assessing differences in Trm on start time is sparse.
Many studies have focused on time trial and sprint performance; therefore, further
research is necessary to ensure accurate conclusions can be made about the impact

temperature has on start performance and the interventions that will improve start time.

2.6 Chapter summary

This review of literature aimed to review the relevant literature relating to the specific
research objectives outlined in Chapter 1. Section 2.2 outlined the importance of the
swimming start to overall race performance, but also detailed some of the equipment
changes which may have seen this contribution change due to improvements in start
performance. Some of the methods available to measure start time were discussed,
with single panning cameras determined as the more realistic option within the applied
setting. Section 2.3 reviewed the determinants of the start, with a particular focus on
power output and the relationship between power, force and horizontal velocity and a
substantial amount of research has supported increased motor unit recruitment to
enhance power output. A relationship has been established between the start and CMJ,
and therefore increases in CMJ PPO are likely to be transferred to the start, which can
enhance performance providing the flight and underwater phases are performed
efficiently. Section 2.4 reviewed “PAP”, the first pre-race intervention investigated
within this thesis. Although no firm conclusions have been made concerning PAP
conditioning activity volume, intensity is required to be 75% of above 1RM for the
PAP mechanisms to be elicited. Ballistic PAP is more realistic within the applied
setting as it requires limited equipment, however isometric PAP is considered to
reduce EIMD accumulation across the competition period. Finally, Section 2.4
discussed how increased T can enhance the performance of power-based movements
and detailed some of the available, non-invasive methods for measuring Tm. Heat
maintenance garments have been implemented to maintain or generate increases in Tm
following a WU, however further research is necessary to assess their influence on

CMJ and start performance.
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Chapter 3. Accuracy and reliability of a single panning camera
set-up to measure start time and the quantification of start
time to overall race time

3.1 Introduction

Over 70% of swimming world records have been achieved since 2010, with 88%
occurring between 2014 and 2019 (FINA, 2022b). The variation between finishing
times has also decreased over recent Olympic cycles, for example, the time difference
between 1% and 8™ place in the men's 100 m and 200 m freestyle finals dropped by
0.29 s and 3.54 s respectively from the 2008 Beijing Olympics to the 2016 Rio
Olympics. With some races won by small time differences, such as the men's 50 m
freestyle final at the 2016 Rio Olympics which was won by 0.01 s, this highlights how

even small changes in performance can impact medal likelihood and podium position.

One area of consideration, particularly for shorter, sprint events which Currie et al.
(2018) identified as 200 m or less, is the start, defined by Cossor & Mason (2001) as
the time from the first instant of the starting signal to when the centre of the swimmer's
head reaches 15 m. The start is typically split into three sub-phases — the block phase,
the flight phase and the underwater phase — and in some instances, the underwater
phase is further divided into the glide and free-swim (Ozeki et al., 2012). The block
phase is often the focus within training and research due to its potential impact on the
start and overall race performance since each start phase is directly impacted by the
previous (Ruschel et al., 2007; Slawson et al., 2013). Previous research investigating
the block phase and its impact on start performance has included leg placement on the
block (Carradori et al., 2015), weight distribution during block set-up (Barlow et al.,
2014) and the position of the back plate on the block (Takeda et al., 2012) with results

demonstrating how minimal changes to block set-up can influence performance.

In 2005, Lyttle & Benjanuvatra (2005) showed the start can contribute up to 30% of
total race distance for 50 m races and that this relative contribution decreases as race
distance increases, with 1500 m events having the lowest start contribution of 0.8%.
Slawson (2010) analysed 50 m freestyle times from the 2008 Beijing Olympics and

found start time contributed 26% of total race time. This contribution also decreased
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for freestyle events as distance increased, though this data was not reported. While
these results do not align entirely with Lyttle & Benjanuvatra (2005), who only
quantified the start’s contribution by distance, each study reported a large start
contribution to the total race, it was concluded by both that the start impacts sprint
events. Nevertheless, there have been multiple equipment changes within swimming
since these studies were undertaken, such as the back plate on the start block, approved
in 2009 and the backstroke wedge introduced in 2014 (Section 2.2.1). Given the
adoption of the back plate, which Garcia-Hermoso et al. (2013) found improved block
time by 0.06 s and overall time by 0.45 s for 50 m freestyle and 0.90 s for 100 m
freestyle, the results of Slawson (2010) potentially have limited application to the

current swimming population.

More current insight into the elite swimming world was conducted by Morais et al.
(2018), who analysed races swum after these equipment changes. The start as a
percentage contribution to total race time for 100 m races at the 2016 European
Swimming Championships was categorised by sex and stroke to determine any
variation across these variables. Males and females had similar percentage
contributions across all strokes with 11.50% and 11.96%, respectively. However, this
differed when classified by stroke, with freestyle having the highest percentage
contribution for males (11.96%), and backstroke for females (12.31%). Butterfly
showed the lowest percentage contribution for males (11.01%) and breaststroke was
lowest for females (11.58%). Although Morais et al. (2018) offered insight into the
start's percentage contribution, it is still unclear how equipment changes have
impacted other sprint distances (50 m and 200 m) which also have a large start
contribution, and whether differences between sex are present across all events,

including those not previously analysed.

Both Morais et al. (2018) and Slawson (2010) obtained their data at competitions using
race analysis software, a process utilised by international swim teams within
competition and training (Veiga et al., 2013). Implementing a similar method to
advance the knowledge of the start as a percentage contribution of total race time and
an absolute time would provide an understanding into how the start has been impacted
as a result of new equipment across each event and whether this is different for males

and females. Using multiple cameras is often unrealistic within the competition
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environment due to access restrictions and therefore, an adaptable, yet accurate

analysis method is required.

One method to resolve this problem is by using a single panning camera, placed
perpendicularly to the centre of the pool (25 m for long course competitions). This
system is adaptable and has a fast processing time, ensuring feedback is provided
quickly to coaches and athletes, another potential limitation of the gold standard set-

up.

In unpublished results, Kelley (2014) assessed the validity of a single panning camera
to measure times to reach predetermined distances considering the potential parallax
error which can result when using a single camera rather than multiple perpendicular
cameras. Using a perpendicular camera and a single panning camera, start times were
analysed. The mean error between the two methods ranged from -0.3 s to 0.2 s for start
time with a mean error (£ SD) of -0.047 s (= 0.076 s). Although these results give
insight into the mean error for start times when measured using a single panning
camera, awareness of the SWC for start time is required to further interpret these
results and their application to the start. Kelley (2014) outlined that 0.2 s was
considered a worthwhile change, however this was anecdotal and applicable for turns
only; a worthwhile change for start time was not identified. Consequently, the
accuracy of start times measured using the single panning camera and the context for
these within the elite swimming environment remains unclear, making conclusions

about changes in start time recorded by a single panning camera difficult to justify.

Currently, no research has analysed the start across all strokes, distances and between
sexes. Since most results were collected before equipment changes that will have
impacted start performance (Section 2.2.1), the application of these studies to the
current swimming population is limited. An update, providing insight across all of the
above variables, would resolve this and establish relevant data based on races swum
since the introduction of the new start block and backstroke wedge. Understanding the
relevance of the start within each event would provide informed coaching decisions
of whether an improvement in start time would elicit a worthwhile change and

therefore offer a technical focus within training.

A validation of start times measured using a single panning camera, within the context

of a predetermined SWC, based on a higher number of races across several meets and
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events is required to ensure this method is an accurate tool for measuring start time
and outlining the start as a percentage contribution to total race time. Therefore, the
overall aim of the current study was to determine how accurately and reliably start
time can be measured using a single panning camera analysis system and, if this
analysis method yields an acceptable level of accuracy based on the predetermined
SWC, determine the contribution of the start to total race time for every event and

between sexes.

As the current study contains two separate aims, the methods have been written in two
parts. The first part addresses the accuracy of the single panning camera analysis
system, and this also incorporates reliability trials. The second section focuses on the
start as a percentage contribution to total race time, as the methods and results for this
were dependent on the first aim, assuming start times measured by the single panning
camera were accurate within the SWC context. The results and discussion are also

presented sequentially in this format.

3.2 Accuracy and reliability of the single panning camera analysis system methods

3.2.1 Participants

Swimmers who competed at the 2019 British Swimming Championships, Glasgow,
British Summer Championships, Glasgow, Welsh Winter Championships, Swansea
and the Euro Meet 2020, Luxembourg participated in the current study. Participants
(22 females, 30 males) were all able-bodied swimmers and predominantly Welsh,
although other nationalities were included during 50 m races to increase the sample
size. All swimmers were at least national level or above. No anthropometric variables
were measured because of access restrictions, and as all participants had agreed to the
recording for media and research purposes, neither informed consent nor ethical

approval was required.

570 sprint races were recorded across the four competitions, although 50 m races were
only collected at the Welsh Winter Championships and Euro Meet due to access

restrictions. Races of 400 m or above were excluded to align with previous conclusions

76



by Slawson (2010) of the start only impacting sprint events. Ten races were further
excluded because the timing light was not visible within the two camera views,

resulting in 560 races for data analysis (Table 3.1).

3.2.2 Data collection

Pool calibration was completed before each competition to identify the exact 15 m
landmark. Two tape measures were placed on both sides of the pool, and 15 m was
marked from the start end. Buoys on every lane rope were tightly pushed together and
clamped in place for the remainder of the competition to prevent any displacement of
the buoys or the 15 m landmark. A photo of the two markers was taken and used to

identify the buoy that most closely corresponded to 15 m for each lane (Figure 3.1).

Start times with the single panning camera were collected using a video camera (Sony,
PJ410 Handycam, Tokyo, Japan) attached to a tripod placed near the 25 m mark, with
its optical axis looking down to the lane directions in the pool, and recorded at 50 Hz.
A second camera (Sony FDR-AX53 4K Camcorder, Tokyo, Japan) secured to a tripod
and recording at 100 Hz, in a high-speed setting, collected criterion measures of start
time. This camera was placed perpendicular to the 15 m landmark as identified during
pool calibration. A timing light either between the starting blocks of lanes 4 and 5, or
next to lane 1 signified the start of each race and was visible to both camera views.
The gold standard camera was set-up to ensure both the timing light and the 15 m mark

could be viewed simultaneously across all lanes.
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Table 3.1 The athlete distribution for all events, distances and strokes recorded across all four
competitions used to determine the accuracy of start times measured using the single panning
camera.

Backstroke Breaststroke Butterfly Freestyle Total
50 m 137 95 58 92 382
100 m 19 17 36 30 102
200 m 9 13 35 19 76
Total 165 125 129 141 560
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2. Line drawn in video analysis software to
connect the two 15 m landmarks on each
side of the pool. Used to identify the exact

15 m point landmark for each lane
3. For example, the 15 m

marker for lane 8 is between
the 1% and 2" buoys to the
right of the red buoys.

1. Tape indicating exactly 15 m away
from the start end. Marked on both
sides of the pool

Figure 3.1 The 15 m buoys identified for each lane at the British Swimming Championships. The line drawn through the middle aids in determining a precise
15 m landmark by connecting this with the two tape markers at 15 m on either side of the pool.
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The start definition previously used within literature (Cossor & Mason, 2001) was
implemented within the current study when determining start time for both camera
methods. The time elapsing from the first frame when the timing light was visible to
when the centre of the swimmer's head crossed the 15 m marker, as identified from
the buoy determined during pool calibration, therefore defined start time. Start times
collected using the single panning camera were processed using bespoke analysis
software (Nemo V 2.0.12), while Dartfish (Dartfish 10, Fribourg, Switzerland) was
used to determine criterion start times from the 100 Hz video camera. All trials were
processed by an analyst who had approximately two prior years of experience with the
single panning camera set-up and had used the bespoke analysis system within

competitions and training environments throughout this time.

3.2.3 Determination of a SWC value

A SWC was calculated by collecting start time differences from the results of eight
studies that used national level swimmers or better throughout a variety of technical
and physiological interventions (Table 3.2). The average difference in start time
between the control/baseline and intervention was calculated for each study and
averaged across the eight studies, resulting in a SWC value of 0.187 s. All studies
included were from 2010 onwards to ensure new equipment had been implemented by
the time of study completion, ensuring the SWC value was relevant to the current elite
swimming population. Therefore, for start times measured using the single panning
camera to be concluded as accurate, differences between the two camera set-up
methods were required to be less than 0.187 s for all trials to ensure that worthwhile
changes for start time could be confidently identified using the single panning camera

analysis system.

3.2.4 Data and statistical analysis

Differences in start times between the two analysis systems were calculated for each
trial (single panning camera start time minus criterion start time) and averaged by

stroke, distance and event (e.g. 50 m backstroke) representing the systematic error.
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The SD of these differences were calculated and were used to determine 95% limits
of agreement, representing the random error associated with the single panning camera
start times (Bland & Altman, 1986). Bland-Altman plots were developed to visualise
the error between the two analysis systems and 95% limits of agreement quantified
the accuracy of the single panning camera to measure start times across all events in
the context of the 0.187 s SWC. Therefore, as mentioned in Section 3.2.3, for the single
panning camera analysis system to be deemed an accurate method for measuring start
time, all random errors needed to be less than 0.187 s.

Linear mixed models were developed using SPSS 26.0 (SPSS Inc., Chicago, IL, USA)
to assess the systematic error for start times, considering interactions from additional
variables. Stroke, distance and session type (heat/final) were included as fixed effects,
and heat number, lane number and athlete ID were included as random effects.
Variables were considered fixed effects if all conditions were incorporated within the
sample; for example, all possible stroke variations were measured within the current
study, therefore stroke was a fixed effect. Variables that did not include all possible
variations were random effects (Field, 2009). Start time was the dependent variable,
and analysis method (single panning camera; criterion) was the predictor across all
models. Fixed and random effects were added individually to assess their interaction
on start time in isolation of other variables. All model estimates used restricted
maximum likelihood and a variance components covariance matrix. Significant
interactions (i.e. p < 0.050) used estimates of fixed effects and the restricted log
likelihood, alongside 95% confidence intervals, to examine these further and their

impact on the systematic error between the two analysis systems.

Nine races from each event had start times recalculated to determine the reliability of
both analysis systems. Using nine races ensured all races from the event with the
lowest sample size (200 m backstroke) were included. The nine races for each event
were randomly selected and reanalysed on ten separate occasions. The same processes
were used to measure start time as outlined above for the initial single panning camera
and criterion videos. Once remeasured, the agreement between the 11 start times (10
repeated trials and the original start time) was measured using a two-way mixed model
intraclass correlation coefficient (ICC; Atkinson et al., 2005; Dingenen et al., 2018),
with results interpreted as poor (< 0.500), moderate (0.500 — 0.750), good (0.750 —
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0.900) or excellent (> 0.900) (Koo & Li, 2016). A paired samples t-test confirmed any
significant differences between the initial start time and the repeats. Using the same
method as above, 95% limits of agreement were calculated to quantify the reliability
of the single panning camera within the context of the SWC.
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Table 3.2 The studies used to determine the SWC value for start time. All used national level swimmers or better throughout various technical and physiological
interventions to assess start time differences. Average of reported change in start time is 0.187 s.

Study Type of intervention Participants Stroke (if Performance Level Reported
specified) change in start
time
(s)
Vantorre et al. (2010) Technical 7M Freestyle Elite 0.05
Ozeki et al. (2012) Technical 11 M All strokes Elite collegiate 0.14
included
Barlow et al. (2014) Technical 7M,3F Freestyle Australian national underage or 0.18
open qualifiers.
100mFRPB=56.7+3.3s
Carradori et al. Technical 13M,2F 767 FINA points 0.21
(2015) 0.58
Cuenca-Fernandez et Physiological 10M,4F National level with five years + 0.18
al. (2015) experience
Garcia-Ramos et al. Physiological 5M,8F Freestyle National 0.28
(2015) 0.06
Tor et al. (2015) Technical 11M,3F National level with five years + 0.14
experience
787 + 19 FINA points
Cicenia et al. (2019) Technical 10M,5F National level or higher 0.047

M male, F female, PB personal best
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3.3 The start as a component of total race time methods

3.3.1 Data collection

12950 races between 2010 and 2019 were extracted from the bespoke analysis system database
used when completing analysis with the single panning camera (Nemo V 2.0.12) to determine
average absolute start times and percentage contributions of the start to total race time across
all events and between sexes (Table 3.3) for each year. The sample contained 1029 swimmers
from 48 different nations. Aligning with the implementation of new equipment, races before
2010 were excluded to ensure results represented the current swimming regulations and races
were sampled from competitions with qualification times equal to or greater than the 2010
British Swimming Championships to maintain a high level of swimmer across the sample.
Para-swimming and relay events were also excluded to ensure a consistent start technique was
performed across all races. Although the men’s 800 m freestyle and women’s 1500 m freestyle
were originally extracted from the database, these were removed from further analysis because
of the low sample size across the nine-year period (Table 3.3).

Alongside absolute start times providing insight into how the start has changed since 2010, and
the possible impact the introduction of the back plate on the start block and backstroke wedge
had on these times, a growth curve model was fitted to identify significant changes in start
time. Start time was used as the dependent variable, with year as the predictor and athlete 1D
and event type as participant variables with start times nested within these. Maximum log
likelihood and Chi-square distribution values were used to assess which level of polynomial
best fitted the model when describing the rate of change over time; once concluded, this
variable was then included within the model during further analysis. Fixed and random effects
were determined using the same definition as previously mentioned (Section 3.2.4); fixed
effects were competition, nationality, sex, pool length and time of day, with session type, lane
number, block time, breakout time and breakout distance as covariates and random effects,
using a diagonal covariance matrix. When a variable had no significant interaction with start
time, it was removed from the model. The final model was used to determine which variables
impacted start time since 2010, with post hoc analysis being conducted to assess this change

between the cases within each variable.

84



The level of significance across all results was set at p < 0.050. Growth model analysis was
completed using SPSS 26.0 (SPSS Inc., Chicago, IL, USA), and Post-hoc tests were performed
in Jamovi 1.2.22 (The Jamovi Project, Sydney, Australia). Unless otherwise stated, data is
presented as mean + SD.
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Table 3.3 The sample numbers for all events and strokes broken down by sex, used to determine the absolute times and percentage contributions for the start
to total race time from 2010 to 2019.

Backstroke Breaststroke Butterfly Freestyle Individual Medley
Male Female Male Female Male Female Male Female Male Female
50 313 368 323 294 288 365 557 599
100 516 532 568 485 471 510 695 616
200 345 338 465 388 325 351 593 474 429 437
400 289 295 241 281
800 22° 89
1500 78 10"
Total 1174 1238 1356 1167 1084 1226 2234 2083 670 718

*Indicates the low sample for men’s 800 m freestyle and women’s 1500 m freestyle which were excluded from further analysis.
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3.4 Results

3.4.1 Single panning camera analysis system accuracy

Based on systematic errors, the single panning camera overestimated start time for all events
except 200 m breaststroke (Figure 3.2). Mixed model analysis reported no significant
interactions between start time and distance (F(1, 1116) = 0.230, p = 0.631) or stroke (F(1,
1112) = 0.390, p = 0.532). 95% limits of agreement across all events ranged between -0.080 s
(200 m breaststroke) to 0.112 s (50 m breaststroke) and all trials had start time differences
below the 0.187 s SWC value (Table 3.4).

Although lanes 0 and 9 had the highest systematic error across all lanes (0.037 s) with 95%
limits of agreement between -0.037 s to 0.111 s, mixed model results did not report a significant
interaction between lane number and start time (F(1, 798.998) = 0.349, p = 0.555). 95% limits
of agreement for all lane numbers ranged from -0.057 s to 0.111 s. No significant interactions
for heat number (F(1, 800) = 0.349, p = 0.555), round type (F(1, 1111) = 0.408, p = 0.523), or
athlete (F(1, 797.986) = 0.356, p = 0.551) were observed for start time differences.

3.4.2 Reliability trials of the single panning camera

Excellent reliability was found for start times measured using the single panning camera (ICC
= 1.000, p < 0.001) and there were no significant differences between trials (p > 0.050).
Criterion start times also had an excellent correlation (ICC =0.994, p < 0.001), and differences
between trials were also not significant (p > 0.050). 95% limits of agreement across all events
ranged between -0.024 s and 0.021 s for the reliability of the single panning camera, and -0.009
s and 0.007 s for the gold standard camera. All trials had start time differences below the 0.187
s SWC value.

3.4.3 The start as a component of total race time

Start times were calculated as absolute times and as percentage contributions to total race time

and were averaged by event and the most recent results from 2019 are presented for females
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(Table 3.5) and males (Table 3.6). Female 800 m freestyle results are shown for 2018 due to
the low sample available for 2019 (n = 1). Female 50 m backstroke had the greatest percentage
contribution from the start (26.07 £ 0.72%), and male 1500 m freestyle had the lowest
percentage contribution (0.73 = 0.01%).

The growth model analysed polynomials to identify which trend best represented the rate of
change in start times since 2010. The initial linear trend was significant in representing the rate
of growth over time within the growth curve model (p < 0.001), and the grand mean of the
intercepts was 7.13 s, with a model fit (-2LL) of -133.753. The quadratic trend (start time?) also
significantly represented the rate of growth (p < 0.001), and since the model fit decreased to -
314.446, this was a significant improvement based on Chi-square distribution values. The cubic
trend (start time3) was also significant, and the model fit was further improved (-2LL -320.935
p = 0.011); as this was a significant change under Chi-square distribution values (p < 0.01), the

cubic trend was concluded to best represent the rate of growth over time (Figure 3.3).
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Table 3.4 The systematic error and 95% limits of agreement between the single panning camera and criterion start times for all strokes and distances (S).

50 m 100 m 200 m All distances

Backstroke 0.027 0.035 0.025 0.028
(-0.048, 0.102) (-0.019, 0.089) (-0.051, 0.100) (-0.045, 0.101)

Breaststroke 0.024 0.005 -0.003 0.018
(-0.065, 0.112) (-0.067, 0.078) (-0.080, 0.075) (-0.069, 0.106)

Butterfl 0.035 0.039 0.031 0.035
y (-0.029, 0.099) (-0.024, 0.102) (-0.046, 0.108) (-0.033, 0.103)

Freestyle 0.021 0.026 0.016 0.021
y (-0.044, 0.085) (-0.031, 0.082) (-0.042, 0.073) (-0.041, 0.083)

All strokes 0.026 0.029 0.020 0.026

(-0.050, 0.101)

(-0.035, 0.093)

(-0.058, 0.098)

(-0.048, 0.100)
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Figure 3.2 Systematic error (solid line) and 95% limits of agreement (dashed lines) between the single panning camera and gold standard start times for
backstroke (A), breaststroke (B), butterfly (C) and freestyle (D). Green data points represent 50 m races, blue represent 100 m races and red are 200 m races.
Positive values indicate an overestimate of start times measured using the single panning camera, whereas negative values are underestimates of start times
measured using the single panning camera compared to the criterion videos.
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Growth model analysis found a significant decrease in start time by 0.11 £ 0.01 s on average
each year from 2010 to 2019 (p < 0.001) (Figure 3.3). Significant variation was reported for
random intercepts (0.59 = 0.17 s, p < 0.001) and random slopes (c? = 0.001, p < 0.001),
indicating different events, and the athletes nested within these, had different start times in
2010 and did not follow the same rate of change over time. Since 2010, absolute start times
decreased for all events, with 50 m butterfly having the highest average decrease (0.75 s) for
males and 200 m individual medley for females (0.68 s). Figure 3.4 demonstrates that the
percentage contribution also decreased for all events except 1500 m freestyle, which increased
by 0.76%; however, total race time for this event dropped by 18.60 s since 2010. The highest

loss in percentage contribution was 50 m butterfly for both males (1.90%) and females (0.95%).

Across all events, males had significantly faster absolute start times than females by 0.95 s (t
=32.292, p < 0.001). Males also experienced less percentage contribution from the start than
females (Tables 3.5 and 3.6). Competition significantly interacted with start time (t = -12.846,
p < 0.001), and post-hoc results revealed the Commonwealth Games (n = 1015), Olympic
Games (n = 416) and World Championships (n = 906) had an estimated 0.23 s faster start times
than other competitions, such as the British Swimming Championships (n = 1548). World
Championships start times were significantly faster than the Commonwealth Games (p <
0.001) and the Olympic Games (p < 0.001), however, the model did not consider total race
time when analysing fixed or random effects and whether this was also significantly different
across competitions. Time of day also showed significant interactions (t = -12.523, p < 0.001),
with 0.05 s faster start times for evening races. Pool length significantly interacted with start
time, with short course races displaying a 0.06 s faster start time than long course races (t =
6.313, p < 0.001).

The random variables that significantly explained the variance within the model were block
time (o = 0.249, z = 3.116, p < 0.001), breakout time (¢ = 0.002, z = 4.542, p < 0.001) and
breakout distance (¢ < 0.001, z=3.116, p = 0.002). Lane number (¢ < 0.001, z=0.124, p =
0.902) and session type (o <<0.001, z=1.303, p = 0.193) were not significant and therefore,
were removed from the model. Year was also included in post hoc tests, with 2010 reporting
significantly slower start times than all years from 2014 onwards (p > 0.050). 2019 had
significantly faster start times for all years included within the analysis (p < 0.010).

Originally, nationality was significant within the model (t = -3.382, p = 0.001), however, once
all additional variables had been included, nationality was no longer significant (t = -1.739, p
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= 0.082). Post-hoc results reported significantly slower start times for British swimmers
compared to nine other nations including America (p < 0.001), Australia (p < 0.001), China (p
< 0.001) and Japan (p = 0.019). As 60% of the sample were British swimmers (n = 7735), two
additional models were developed to reassess model interactions; one only included British
swimmers (British model) and the other excluded British swimmers (additional nationalities
model). The British model had similar interactions to the original model, with the same
significant variables and was also best represented by a cubic trend (-2LL = -1312.159, p =
0.001). A quadratic trend best represented the rate of growth for the additional nationalities
model (-2LL = 1349.712, p = 0.039), and the only random factor to significantly interact with
start time for the additional nationalities model was block time (6 =0.382, z=7.249, p < 0.001),
compared to breakout time and breakout distance which had been significant interactions
within the other two models. Nationality was not significant within the additional nationalities
model (t =-0.937, p = 0.349).
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= - = Cubic Trend Linear Trend Quadratic Trend

Figure 3.3 Average absolute start times (+ SD) for each year between 2010 and 2019 for all events and sexes. All
three trend lines are illustrated and identify the cubic trend as the best polynomial to describe the rate of growth
over time compared to the linear and quadratic trends, alongside growth model results.
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Table 3.5 Average absolute start times (mean = SD) and percentage contributions for females across all events for 2019.

Backstroke Breaststroke Butterfly Freestyle Individual Medley
Star(tS;ime Contsrti?)rljtion Star(tS;ime Contsrti?)rljtion Star(ts';ime Contsrtietl)rljtion Star(tS;ime ContSrE%rlEtion Star(ts';ime Contsrti%rljtion

(%) (%) (%) (%) (%)
50 m ( 1764.13%5) 2607 ;ﬁo) 2491 1666.53?2) 2464 16(';127) 25.75
100 m ( 17(';.13?5) 12.23 ( 176?55) 11.52 ( 166?3?1) 11.46 ( 16('5253) 11.97
200m (1765386) >80 (186(.)360) 530 (176(.)2?3) 542 (1665.?7) 576 (166?373) >
400 m ( 176(.)57) 286 176?39) 255
800 m ( I 013;) 1.47*

* Indicates times and percentage contribution taken from 2018
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Table 3.6 Average absolute start times (mean + SD) and percentage contributions for males across all events for 2019.

Backstroke Breaststroke Butterfly Freestyle Individual Medley
Start Start Start Start Start
ti%tear(ts) Contribution tirSnt:r(ts) Contribution tiﬁ]t:r(ts) Contribution tirSntsr(ts) Contribution tiﬁ]t:r(ts) Contribution
(%) (%) (%) (%) (%)
6.52 6.67 5.58 5.50
50 m (+ 0.44) 25.52 (+0.28) 24.42 (+0.36) 23.52 (+ 0.26) 24.91
6.68 11.32 6.68 5.77 5.75
100m- 1 0.26) 025 %% wo2e) 109 (w02  1O9
6.65 6.82 6.12 6.08 6.12
200m 1 0.20) 5.58 (+ 0.31) >.18 (0.27) 5.23 (% 0.25) 561 (% 0.30) 5.09
6.38 6.18
400 m (+0.23) 2.76 (+022) 2.43
6.58
1500 m (+ 0.20) 0.73
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Figure 3.4 Mean (£ SD) percentage contribution from the start for 2010 and 2019 across all sprint distances for females (green) and males (blue). All show
that the start's percentage contribution has decreased for all events since 2010, and standard deviations between these times have also narrowed, suggesting
there is less variation in start time between swimmers. BK Backstroke, BR Breaststroke, Fly Butterfly, FR Freestyle, IM Individual Medley.
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3.5 Discussion

The current study aimed to assess the accuracy and reliability of start times measured
using the single panning camera analysis system within the context of a predetermined
SWC (0.187 s) compared to a gold standard method. Start times measured using the
single panning camera were determined as accurate compared to criterion start times,
with a 0.026 s systematic error and 95% limits of agreement between -0.048 s and
0.100 s across all trials. No significant interactions from additional variables, such as
distance or stroke, were identified within the mixed model. Furthermore, excellent
reliability was reported for an experienced analyst using the single panning camera
analysis system to measure start times (intraclass correlation coefficient = 1.000, p <
0.001), and 95% limits of agreement ranged between -0.009 s and 0.007 s. The current
study's second aim was to use a historical database to gather start times obtained by
experienced analysts from the bespoke analysis software used by the single panning
camera to calculate the percentage contribution of the start to total race time and the
differences in absolute start time since 2010 for all events and between sexes. Absolute
start times and percentage contributions decreased for all events (except 1500 m
freestyle) and both sexes. Significant interactions within the growth model were
reported for competition, time of day, sex, pool length, block time, breakout time and
breakout distance. Faster start times were produced by male swimmers, during
evening races, and swims within 25 m pools. World-class competitions also had faster
start times across all competitions. British swimmers experienced a different rate of
change in start times since 2010 compared to the other pooled nationalities (n = 47)
included within the sample.

3.5.1 Accuracy and reliability of the single panning camera analysis system

Although the single panning camera analysis system overestimated start time for all
events except 200 m breaststroke, with 95% limits of agreement ranging between -
0.048 s to 0.100 s across all trials (Table 3.4), start times measured by the single
panning camera were determined as sufficiently accurate for applied use within a high-
performance setting based on the a priori context of a 0.187 s SWC value for start

time. Results were reported by event (Table 3.4) to provide insight into stroke and
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distance impacts on start time differences between the two analysis systems. No
significant interactions were found between start time differences and distance (F(1,
1116) =0.230, p = 0.631) or stroke (F(1, 1112) =0.390, p = 0.532). Heat number (F(1,
800) = 0.349, p = 0.555) and round type (F(1, 1111) = 0.408, p = 0.523) were included
to assess their impact of start time differences for the two analysis methods, but these
were also not significant. Despite initially considering lane number to impact start time
differences, with lanes closer to the camera having a greater level of accuracy because
the swimmers head would be more easily identifiable, no significant interaction was
found for this variable (p = 0.555). In fact, lanes 0 and 9 experienced the highest
systematic errors across all lanes (0.037 s), with the lowest systematic error in lanes
more central to the camera view, potentially because of the increase in perspective
error when objects are closer to the camera (Stephens et al., 2019) and the reduction
in effective resolution when analysing swimmers in lanes further away from the
camera. Nonetheless, 95% limits of agreement for lane number were lower than the
0.187 s SWC, and in major competitions such as the Olympic Games and
Commonwealth Games, only lanes 1 — 8 are used. Round type was also not significant
(p = 0.523) within the model, further supporting the ability of the single panning
camera analysis system to maintain an accurate measure of start time with errors below
the SWC, regardless of race conditions. There are several individual factors and
technical differences which could impact the systematic error, however, as the current
results for all start times measured within the current study were below 0.187 s (Table
3.4), and start times are often compared within individuals, the systematic error was

concluded to not be a concern when assessing changes in start times.

The current results showed improvement from the original, unpublished findings by
Kelley (2014), who concluded start times measured using the single panning camera
had a mean error of -0.047 s and 95 % limits of agreement between -0.2 s to 0.1 s for
start time. They also reported an error distribution range of -0.3 sto 0.2 s, and although
these were not reported more accurately within the paper, these ranges are greater than
the 0.187 s SWC. However, as it was unclear whether these 15 m times (n = 62) were
only start times or included turns as well, this could explain the large error distribution.
Therefore caution must be applied when making a comparison against the current
results. Another possible explanation for the improvement in the current study is the
data collection environment. The current study collected start times in three different

locations, whereas Kelley (2014) completed all trials in one pool not included within
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the current study which may have impacted the results by differences in pool lighting,
as images collected in low light environments often result in poor image quality overall
and can impact the analyst's ability to determine accurate start times (Guo et al., 2017).
Despite this, results from the current study suggest that the single panning camera
analysis system is adaptable, not significantly impacted by the environment and
reports accurate start times since 95% limits of agreement were smaller than 0.187 s.
Nonetheless, analysing the accuracy of start times using the single panning camera

analysis system within pools of varying light exposures would support this further.

Results found excellent reliability for both analysis methods, particularly start times
measured using the single panning camera (r = 1.000), no significant differences were
reported through the paired sample t-test (p > 0.050) and 95% limits of agreement
were less than the 0.187 s SWC value. Despite start times measured using the single
panning camera reporting better reliability than the criterion start times, this is likely
because of the differences in frame rates of both analysis cameras. With criterion start
times recorded at 100 Hz, the swimmer would still appear close to the 15 m mark
within the two adjacent frames from where the 15 m point was measured. As the single
panning camera recorded at 50 Hz, the swimmer travelled further between adjacent
frames, therefore identifying when the swimmer reached 15 m was easier to repeat on
a lower frame rate, because it is more apparent when the swimmer was at 15 m.
Therefore, coaches and swimmers can have confidence that start times measured using
the single panning camera are not only sufficiently accurate for measuring a
swimmer’s response to training or interventions in start time, within the context of a
0.187 s SWC, but are also perfectly repeatable when determined by an experienced

analyst.

White water was initially expected to be a potential source of error for both analysis
methods, particularly 50 m events, where stroke rate is often increased (Navandar et
al., 2016). When swimmers apply force to the water during free-swimming, an
opposite force acts on the swimmer, developing wave drag, which presents itself in
the form of white water around the swimmer's body. Therefore, an increase in the
magnitude or frequency of the force applied to the water will increase the volume of
white water surrounding the swimmer (Takagi & Sanders, 2000). However, neither
distance nor stroke were significant within the model, suggesting that white water is

not a substantial error source. The reliability of both methods also demonstrates the
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limited error from white water, as repeated trials reported minimal or no differences,
start times could be measured repeatedly for a given trial, regardless of white water.
As an experienced analyst with approximately two years of experience using the single
panning camera analysis system completed the analysis for all trials, error sources may
be reduced because of the experience that has been developed throughout this time. It
is therefore recommended that novice analysts apply caution when completing
analysis, particularly for swims with excessive white water, and where possible, assess
their reliability and accuracy against an experienced analyst before reporting data from
the single panning camera analysis system back to coaches and athletes, or using it for
research purposes.

Start times measured using the single panning camera analysis system were
determined as accurate and reliable within the context of a 0.187 s SWC, regardless
of additional context and race variables. These results give confidence for using the
single panning camera analysis system as a measure of start time during training and
competition. The single panning camera analysis system enables coaches to quickly
receive accurate race analysis to implement any necessary changes before future races
and use retrospective data recorded by experienced analysts to identify key areas that

will contribute more to their race and increase medal likelihood if improved.

3.5.2 The start as a component of total race time

The second aim of the current study was to determine the start's percentage
contribution to total race time and observe how absolute start times had changed since
2010 when new equipment was introduced. Based on the raw data, absolute start times
were faster in 2019 than 2010, as were total race times, yet percentage contributions
decreased, with 50 m butterfly showing the largest decrease from 2010 to 2019 (Figure
3.4). Overall, start times were found to contribute between 0.73% and 26.07% to total
race time. Growth model results indicated significant interactions with start time and
sex, time of day, pool length, competition, block time, breakout time and breakout

distance.

The current study also analysed the start across all events and between sexes, an

expansion from Morais et al. (2018) who only considered 100 m events. Within the
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current study, backstroke had the highest percentage contribution for males and
females across sprint distances. Whilst this does not align with Morais et al. (2018)
who concluded that backstroke had the highest percentage contribution for females
only, the increased sample size across multiple competitions and distances in the
current study could explain this difference. Backstroke races are the only events whe