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Abstract

Swimmers will undergo large training loads during early adolescence to develop the physical and
technical characteristics for elite competition, therefore daily nutrition practices to support health and

performance are important at this critical age.

Past research suggested that adolescent swimmers often consumed inadequate energy and
carbohydrate intakes to support their training; though, whether this research remains accurate is
guestionable considering given that studies were mostly based on singular assessment time points
prior to the COVID-19 pandemic. As such, Chapter 3 observed the current daily nutrition intakes of
highly trained adolescent swimmers in the UK, showing this population adapted, yet achieved the
macronutrient recommendations before (carbohydrate [CHO]: 5.4 + 1.2 g-kg BM™; protein: 2.3 + 0.4
g-kg BM*; fat: 1.6 + 0.4 g-kg BM™?), during (CHO: 3.5 + 1.1 g-kg BM™%; protein: 1.7 + 0.4 g-kg BM?;
fat: 1.1 + 0.3 g-kg BM?), and after (CHO: 5.4 + 1.4 g-kg BM™; protein: 2.1 + 0.6 g-kg BM?; fat: 1.5

+ 0.6 g-kg BM?) a COVID-19 lockdown.

Since adolescent swimmers appeared to appropriately support their daily health and performance
through dietary intake, attention was then turned to supplement use. Chapter 4 demonstrated that
supplement use was highly prevalent across the swimming talent pathway, with swimmers at the
development talent stage utilising approximately four different nutritional supplements (~3 sports
foods, ~1 health supplement) that were mostly informed by parents/guardians (74%), whereas
national-level swimmers used a wider range of supplements (~3 health, ~3 sports, ~2 ergogenic)
following greater access to performance nutrition support (i.e., nutritionists informed 51% of
supplement use). Despite the widespread supplement use, however, Chapter 5 showed that adolescent
swimmers had low adherence to vitamin D supplement recommendations, resulting in 70% of the
population developing an ‘insufficient’ circulating vitamin D (<75 nmol-L?) status between the

autumn and winter training periods.



Indeed, adolescent swimmers were most likely to use supplements for performance (35%) rather than
health (12%), even though ergogenic aids currently have unclear performance outcomes for
competitive swimmers. Consequently, Chapters 6-8 sought to explore the effects of acute ergogenic
aids during practical swimming scenarios, although the outcomes appeared to question their

application in the real world.

Firstly, caffeine (3 mg-kg BM™) provided no benefits towards a simulated 100 m competition
performance (59.5 + 7.8 s vs. 59.9 £ 7.9 s, g = 0.07), nor did it appear to impair a repeated
performance the next morning after sleep (59.7 + 7.7 s vs. 60.2 = 7.9 s, g = 0.06). The second
ergogenic aid under scrutiny was sodium bicarbonate (NaHCOs; 0.3 g-kg BM™* ), which was shown to
produce highly individual time to peak blood bicarbonate (HCOs?) concentrations in Chapter 7a
(between 75-180 min post-ingestion). Yet, when this individualised approach (IND) was compared to
a standardised approach (STND; 150 min pre-exercise) in practice, neither NaHCO; approach
improved 6 x 75 m swimming interval swimming (mean interval time: IND: 47.3 +5.1s, STND: 47.8
+ 6.0 s, PLA: 48.0 £ 55 s, all g <0.20), nor a follow-up 200 m time-trial after a 30 min recovery
period (IND: 2:11.0 + 8.2's, STND: 2:11.5 £ 7.1 s, PLA: 2:11.1 £ 7.1 s, all g <0.20). Finally, the
ingestion of citrulline malate (15 g) was also unsuccessful at improving 6 x 300 m interval swimming
versus a placebo supplement (3:32.0 + 9.6 vs. 3:32.8 £ 7.7 s, g = 0.09), despite the proposed

ergogenic mechanisms appearing to align with whole-body, repeated aerobic efforts.

Collectively, these studies suggest that highly trained adolescent swimmers should place emphasis on
achieving the recommended daily energy and nutrient requirements to achieve optimal preparedness
for swimming competitions, rather than relying on ergogenic aids. However, it should be noted that
this thesis only considered a small proportion of supplements, dosing strategies, and practical
scenarios; therefore, further research is required before the potential benefits of ergogenic aids are

dismissed in this cohort.
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Chapter 1 — Introduction and Literature

Review



1.1 Introduction

Swimming is an Olympic sport that has been included at every modern summer Games since Athens
1896. This sport involves athletes racing against one another in four swimming strokes (freestyle,
butterfly, backstroke, breaststroke) across 50 m (~25-30 s), 100 m (~45-60 s), and 200 m (~2—-3 min)
distances; with the freestyle event also held over longer durations (400 m: ~4-5 min, 800 m: ~8-9
min, 1500 m: ~14-17 min). Swimmers may also compete in a medley event, which involves
performing all four swimming strokes in the same race (i.e., 200 m medley: 4 x 50 m, 400 m medley:
4 x 100 m). Moreover, while swimming is mostly an individual sport, some competitions also involve
team relays (same and mixed sex) where four swimmers race together in 4 x 100 m (freestyle and
medley) and 4 x 200 m (freestyle) events. Competition formats are variable, such that open/qualifying
meets typically hold all races over 1-3 days, whereas championships span over 3—7 days. This is
because the more competitive meets can require swimmers to race in heats, semi-finals, and finals on
the same day, which is particularly challenging for swimmers who specialise in multiple strokes and
distances (e.g., Michael Phelps at the 2008 Olympic Games: 200 m freestyle 100-200 m butterfly,

200-400 m medley, 4 x 100-200 m freestyle, 4 x 100 m medley).

Swimmers typically begin formal training as a progression from ‘learn to swim’ programmes and
enter their first races soon afterwards (aged 8-11 years). Once joining competitive swimming clubs, it
is common for young swimmers to undertake large training volumes comparable to adults (1-3
sessions-day, 6-10 sessions-week™), in order to develop optimal stroke techniques; physical
attributes; and racing skills to compete at an elite standard during adolescence (Shaw et al., 2014).
Indeed, many swimmers have become World and Olympic champions before reaching adulthood
(e.g., females: 14-16 years, males: 16-18 years; Knechtle et al., 2016). Notable examples of this
occurred in 2022, as 17-year-old David Popovici became the first ever swimmer to complete the 100
m freestyle event in under 47 s (46.86 s), whereas 15-year-old Summer Mcintosh won ten

international medals in two months, including four at the World Aquatic Championships (2 x gold, 1



x silver, 1 x bronze), followed by six at the Commonwealth Games (2 x gold, 3 x silver, 1 x bronze).
In contrast, the large commitments to swimming training and education during adolescence can be
overwhelming, often resulting in attrition if not winning competitions or consistently making
performance improvements (Monteiro et al., 2017). Therefore, given the large training loads and
importance of achieving competitive success from an early age, it is critical that adolescent swimmers
are fulfilling daily nutritional requirements to ensure that optimal training adaptations, recovery, and

growth can occur.

Competitive swimmers of all ages only require a peak performance once or twice per year at major
competitions; hence, much of the swimming season is dedicated to maximising training adaptations
(Mujika et al., 2014). For example, the training emphasis will change as the season progresses with
more training sessions dedicated towards building general aerobic capacity and strength adaptations in
the early season or early competition cycle (i.e., September to December: high-volume; low-to-
moderate intensity; low specificity), and more training sessions dedicated towards specific race speed
and preparation skills in mid-competition cycle (i.e., January to April: lower volume; higher intensity;
including entry to domestic competitions) (Mujika et al., 2018; Pollock et al., 2019). Moreover, in the
1-2 weeks immediately prior to competitions, swimmers will undergo a taper period, consisting of a
significant decrease in training volume and training sessions while maintaining a high intensity, in an
attempt to dissipate fatigue and maintain adaptations during the competition period (i.e., April and
August; Pollock et al., 2019; Stellingwerff et al., 2011). Subsequently, these training alterations within
the season, and often within 3—4-month training cycles for adolescents, place a changing emphasis on
a swimmer’s fuelling and recovery needs (Burke & Mujika, 2014). Consuming a nutrition intake that
provides adequate energy, macronutrients, and micronutrients is therefore essential for supporting
daily training performances and maintaining athlete health throughout the year; and as such,
optimising the capacity to make training adaptations in preparation for swimming competitions
(Dominguez et al., 2017; Mujika et al., 2014). Thus, given the importance of nutrition, the first part of

this literature review will critically discuss the research that has reported the daily nutrition intakes of



highly trained adolescent and young adult swimmers, as well as seek to identify whether the

nutritional guidelines are currently being achieved.

While swimmers should eat a wide variety of foods to achieve their nutritional requirements, the
adoption of a ‘food only’ approach to nutrition is likely to be detrimental to health and performance.
Indeed, swimmers could have difficulty consuming all required nutrients through food alone, either
because: (a) some nutrients are naturally scarce in the diet (e.g., vitamin D); (b) large or impractical
portion sizes may be required to consume a sufficient intake (e.g., carbohydrate [CHO]); and/or (c)
some nutrients might only abundant in foods that a swimmer does not/cannot eat due to intolerances
or dietary preferences (e.g., vegan, vegetarian) (Close et al., 2022). As such, a ‘food first, but not food
only’ approach to sport nutrition is thought to be optimal since supplements can offer a convenient
provision of energy and macronutrients, while the ingestion concentrated vitamins and minerals can
support health and offset potential deficiencies (Close et al., 2022). Moreover, once swimmers are
consuming nutritional intakes that support their daily fuelling and recovery requirements, they might
then turn their attention to more advanced nutrition strategies associated with marginal performance
enhancements (Maughan et al., 2018). This includes nutritional ergogenic aids that can promote
physiological adaptations that can delay fatigue and/or hasten recovery (Derave & Tipton, 2014),
possibly giving swimmers an advantage over their competitors. Therefore, to give a complete
overview of the nutritional practices required to optimise preparedness for swimming competitions,
the second part to this literature review will focus on nutritional supplements; giving particular
attention to identifying and critically analysing potential ergogenic aids that are suggested to enhance

swimming performance.



1.2 Energy and Macronutrient Requirements

1.2.1 Energy

An adequate daily energy intake (DEI) is essential for the healthy functioning of all physiological
processes, from muscle function and bone health to the synthesis of all hormones and enzymes
(Mountjoy et al., 2018). For most of the competitive season, a swimmer’s DEI should first aim to
cover their daily energy expenditure (DEE), such that the energy consumed through food, drinks, and
supplements matches the demands placed on the body through activity and physiological functions
(i.e., basal metabolic rate) (Logue et al., 2018). Indeed, reaching this state of energy balance has been
recommended to swimmers to support training and racing performances (Shaw et al., 2014); stimulate
training adaptations (Mujika et al., 2014); promote post-exercise recovery (Burke & Mujika, 2014);
and maintain health year-round (Pyne et al., 2014). However, as energy balance is also required for a
stable body mass, swimmers may incorporate planned periods of energy surplus or deficit into their
season to manipulate their body composition (Stellingwerff et al, 2011). An energy surplus provides
an increased anabolic effect that could support muscle hypertrophy and power improvements (Garthe
et al., 2013), but could also lead to increases in body fat that could negate performance if power-to-
weight ratio and hydrodynamics are offset (Dopsaj et al., 2020). In contrast, energy deficits can be
used to decrease body fat and increase relative power output for competitions; although, this strategy
involves training with low energy availability (LEA) that increases the risk of poor performance,
fatigue, illness, and injury if not managed correctly (Mountjoy et al., 2018). Therefore, due to the
risks involved, most swimmers should strive to achieve energy balance across the swimming season,

with changes in body composition only attempted under qualified supervision.

The importance of achieving energy balance is further enhanced in adolescents, who have higher
energy requirements than adults due to growth and development (Norris et al., 2022). However,
meeting these energy demands can be challenging, due to: (a) absolute food and drink intakes being
impractical to consume (Berning et al., 1991; Simi¢ & Mohorko, 2018); (b) limited time to prepare
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and eat meals when balancing training, education, and/or work commitments (Desbrow, 2021); or (c)
the development of disordered eating practices in response to societal and/or sporting pressures to
sustain a lean physique (da Costa et al., 2013). This can be problematic since LEA during adolescence
could have numerous health consequences that could delay growth and development, result in poor
health, and reduce swimming performance (Desbrow et al., 2014; VanHeest et al., 2014). It is
therefore critical that adolescent swimmers consume an adequate DEI, potentially requiring additional
education and practical workshops (i.e., meal preparation, food shopping) alongside their support
network (e.g., parents/guardians, coaches, sport science staff) to support adherence to this requirement

(Shaw et al., 2014).

Establishing DEI guidelines is difficult considering that requirements should be individualised based
on training, lifestyle, body size, and maturity status. Nonetheless, studies have sought to determine
DEI thresholds for swimmers at each training stage, which are as follows: >40-75 kcal-kg BM*-day*
in general/aerobic preparatory training (high-volume, low-to-moderate intensities); 35-65 kcal-kg
BM*-day? in specific/race preparatory training (high-intensity, low-to-moderate volumes); 35-62
kcal-kg BM*-day! in tapers and competitions; and 29-43 kcal-kg BM*-day™ in rest periods (Mujika
et al., 2014; Shaw et al., 2014). Swimmers should be advised that these energy recommendations are
only a guide, and it is possible that LEA can occur when consuming a DEI within these ranges. For
example, Matsuda et al. (2018) observed intakes of >60 kcal-kg BM*-day™ (~4300 kcal-day™) during
a general preparatory training phase, but this intake was insufficient to achieve energy balance when
DEE was considered (~5400 kcal-day™). Similarly, Montenegro et al. (2017) found that male
swimmers consumed 42-48 kcal-kg BM™.day? throughout a competitive season, which seems
appropriate based on the DEI guidelines, yet these intakes were insufficient to achieve energy balance
on 63% of dietary assessments. Therefore, while these current guidelines may be useful, it is advised
that swimmers base their DEI on their own individual DEE where possible. However, this may
require some trial and error under the direction of qualified performance nutritionist as DEE is

admittedly difficult to measure in practice.



Adolescent swimmers (particularly females) are often found to consume an energy deficit during the
swimming season, though this should be interpreted cautiously as research has used variable methods
to estimate DEI and DEE (Table 1.1). Berning et al. (1991) first identified an energy deficit in females
(~500 kcal-day?), but not males, during an intensive training camp. However, swimming EE was
calculated via this group’s mean oxygen (O.) uptake while swimming at 1.3 m-s? (i.e., 5 kcal-L%),
and was added to an estimated EE for non-athletic adolescents. Therefore, DEE estimations in this
study were not individualised to each swimmer and only accounted for the energy used at one
exercise intensity. Similarly, Hawley and Williams (1991) suggested that female swimmers were
consuming an energy deficit of ~800 kcal-day during an in-season training phase; though, DEE
estimations were based on the energy used by adult swimmers during a middle-distance race (366 m),
and not adolescents in daily training. Hassapidou et al. (2002) followed these studies by showing that
adolescent male and female swimmers achieved energy balance when DEE was estimated with a
predictive equation (Schofield, 1985). However, the use of predictive equations for adolescents has
recently been challenged, considering they can underpredict basal energy requirements for growth by
up to 1100 kcal-day? (Hannon et al., 2020a). Finally, Collins et al. (2012) and Arachchi et al. (2015)
both used physical activity records to estimate DEE, but then monitored DEI with collection methods
prone to underreporting (food frequency questionnaire [FFQ] and 24-hour recall, respectively)
(Magkos & Yannakoulia, 2003). Combined, these studies highlight the challenges of accurately
assessing energy balance in adolescent swimmers at singular time points in a season, suggesting that
longitudinal studies would be more effective as these can also monitor changes in body composition,

growth, and wellness.

To date, only one study has attempted to compare DEI and DEE directly in adolescent swimmers;
using indirect calorimetry (resting EE) and 24-hour heart rate monitoring (activity EE) to determine
the DEE across a season (Alméras et al., 1997). While energy balance appeared to be achieved in the

initial months, the female swimmers in this study displayed energy deficits (~500-900 kcal-day™) at



the eight- and 12-month time points compared to DEI. Despite this, body mass was increased at the
end of the season, indicating that energy balance (or a surplus) had been achieved (Garthe et al.,
2013). This may be explained since DEI and DEE were only measured for three days, and therefore
the dietary scrutiny during this assessment window could have caused swimmers to alter or misreport
their DEI (Magkos & Yannakoulia, 2003). A secondary finding was that DEI was not altered across
the season to match the training phase, resulting in body fat accruement (+4.8 kg) during the off-
season. Following this landmark study, two other longitudinal dietary assessments of adolescent
swimmers have found a similar outcome: that adolescent swimmers adapt their DEI to match their
changing energy demands (Kabasakalsis et al., 2007; Zietz et al., 2009). However, neither of these
studies reported any consequence to hormone production, body composition, or 100 m swimming
speed (Kabasakalsis et al., 2007; Zietz et al., 2009). This suggests that long-term energy deficiency
might be overstated in adolescent swimmers, and the alternate problem lies in their ability to
accurately record/recall their dietary intakes. Nonetheless, due to the individuality of each swimmer,
and the possible occurrence of LEA and/or eating disorders (da Costa et al., 2013; VanHeest et al.,
2014), it is important that DEI continues to be monitored in young swimming cohorts to best support

their future health and performances.

Long-term dietary studies in adolescents have mostly investigated female swimmers, therefore a
discussion of the most recent research in young adults (aged 19-25 years) is required to assess the
possible sex-based differences (Montenegro et al., 2017). Similarly, this research reported that neither
male nor female swimmers altered their dietary intakes across a 32-week period, resulting in males
seemingly being in an energy deficit for 63% of the season, and females being in an energy deficit
year-round. However, as this study only monitored dietary intakes for one day using an error-prone
collection method (24-hour recall) (Burke, 2015), these results should be interpreted with caution.
Indeed, despite apparent energy deficits, male swimmers did not change in body composition across
the season, which is in accordance with other studies using more reliable methods (i.e., 3-day food

diaries; Barr & Costill, 1992; Noland et al., 2001; Sato et al., 2011), and suggests that male swimmers



are also likely to underreport their dietary intakes. On the other hand, large reductions in body mass
(~3 kg) were detected in female swimmers, but these were most noticeable during competition periods
(Montenegro et al., 2017). While this implies that LEA was present, the timing of weight loss hints
that body composition periodisation might have been utilised to improve performance (Stellingwerff
et al., 2011). Past research has supported the notion that adult female swimmers decrease in body
mass during the competitive season (1-2 kg loss, Noland et al., 2001; Petersen et al., 2006), though
this is not always the case (1 kg gain, Sato et al., 2011). This potentially suggests that female
swimmers require additional sport nutrition support compared to males, although due to both sexes

seemingly being incapable of accurately reporting their DEI, further research is required.

Though adolescent swimmers have displayed an apparent inability to match (or accurately report) an
appropriate DEI, this has been found to have little practical implications in research to date. However,
no study has so far accounted for such large disruptions to training and daily routines as caused by the
COVID-19 pandemic. Between March 2020 and December 2021, the rapid spread of COVID-19
caused governments to impose lockdown procedures, forcing the closure of all swimming facilities,
the cancellation of all competitions, and resulting in swimmers training at home in isolation (Haddad
et al., 2021). During these lockdown periods, young swimmers were potentially faced with greater
psychological stress (particularly around performance and body composition) that may have instigated
energy restriction/surplus practices; a tendency to consume poor quality foods; unfavourable eating
patterns (i.e., skipping breakfast, late meals); and/or more sedentary attitudes towards exercise
(Chandler et al., 2021; di Cagno et al., 2020; Fitzgerald et al., 2021; Pillay et al., 2020). Therefore,
while previous research suggests that swimmers would not adapt their DEI in response to their
decreased training loads, this was unknown under the pressures of COVID-19. Moreover, as potential
dietary changes could have occurred during lockdown, it was no longer clear whether swimmers
retained a capacity to spontaneously increase DEI following a return to sport. Hence, to provide an
updated perspective on whether highly trained adolescent swimmers can consume an adequate DEI to

support their performance and health, current studies should first consider the dietary effects that took



place before, during, and after the COVID-19 pandemic. This is especially important given that no
information is currently available on these changes, and this research would support swimmers and

their support staff to adequately prepare in the event of similar global pandemics in the future.
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Table 1.1. An overview of studies that have reported the dietary energy intakes of highly trained adolescent and young adult swimmers.

Participants Methods Results
. DEE/DEI .
Authors . Training status Age . Time of season DEE DEI DEI (kcal-kg
Sample size ; collection 1 1 4 1
(nation) (years) method or volume (kcal-day™) (kcal-day™) BM*-day?)
Adolescents (aged 11-18 years)
Pre-season F =2866 + 740 F =2627 £ 788 F=44
Alméras et al 6 International IC + PAR/ 4 months F = 2866 £ 645 F =2507 £ 812 F=42
(1997) ' (all female) (Canada) F=17+x1 Written food 8 months F =3153 £ 573 F=2651+717 F=44
diary (3 days) 12 months F = 3033 + 525 F=2197 + 717 F=36
2-month rest N/A F =2270 £ 905 F=35
. National & 1 _ _
Arachchi et 38 international (Sri 17+1 PAR/24-hour 6 days-week M = 3941 + 585 M = 3866 + 605 N/A
al. 2015) (M =16, F=22) Lanka) 17+2  recall (3days) 2 hours-day™* F = 3876 + 553 F=3371+484
Berning et al. 43 National (UsA) M =16%2 f'ocoé \(’j\i’;'rtte& Training camp M = 5167 M = 5222 + 152 M = 68
(1991) (M =22, F=21) F=15+2 days)y 10 km-day® F = 4025 F=3573+147 F=61
. PAR (7 days) /
Collins et al. 91 . M =2570 + 779 M=50+19
(012)  (M=30,F=61) Mxed(USA) 1423 FFQr(elCi'ﬂ?omh NIA 2398 + 784 F=2121+881  F=44+20
N/A F<15 = 2032 F<15 =44
da Costa et al. 77 . . . Written food F<15eEp) = 1966 F<isep) = 37
(2013) (all femaley ~ 'vational (Brazil) (T‘g%eea :Sl)’ diary (3 days) N/A N/A Fois = 2534 For =44
Fo15ep) = 2112 F15ep) = 37
Hassapidou et 35 Mational &y 2gpyq | FOUMORS M = 2718 M = 2861 + 754 M =43
al. (2002) (M =20, F = 15) F=16+1 'e1g F = 2317 F = 2424 + 650 F=40
(Greece) diary (7 days)
';',s‘i’;’l'i?r’n‘g‘ 20 N/A M=13+1 st;'e'dcfé od 6 km-day M = 2954 M = 3072 + 732 M =55+14
(1991) (M=9,F=11)  (New Zealand) F=13+2 diarg (4 days) 6 days-week F = 2886 F=2130+544 F=40+16
Kabasakalis 9 International M=18+1 Written food Week 0: N/A M = 3461 + 459 M =46
et al. (2007) (M=4,F=5) (Greece) F=17+2 diary (3 days) Pre-season F =2090 + 702 F=33
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Table 1.1 continued

Participants Methods Results
A - DEE/DEI . )
uthors . Training status Age . Time of season DEE DEI DEI (kcal-kg BM
Sample size : collection 1 1 1 1
(nation) (years) method or volume (kcal-day™) (kcal-day™) -day™)
Adolescents (aged 11-18 years)
Week 10: N/A M = 3107 + 614 M =42
Kabasakalis et _ _ 57 km-wk? F=2549 + 810 F=40
al. (2007) 9 International M=18+1 V_Vrltten food Week 19: N/A M = 2821 + 480 M =37
cdntinued (M=4,F=5) (Greece) F=17+2 diary (3 days) Minor taper F =2369 £ 898 F=38
Week 32: N/A M = 2861 + 920 M =37
Major taper F =2434 + 838 F=38
Martinez et al. 36 Mixed (Spain) M=16+1  24-hour recall 30-36 km-wk* N/A M = 2845 + 157 M=46+3
(2011) (M =22, F=14) F=15+1 (3 days) 6 d-wk™ F=1789 + 103 F=32%2
I\S/Ilcr)wc?rl;&o 19 International M=16+1 Weighed food Inésleisgn. N/A M = 2738 M =37
(2018) (M=6,F=13) (Slovenia) F=14+1 diary (3 days) hours-week-! F =1576 F=28
Week 0: Fc=2394 Fc=2481+29 Fc =39
Pre-season Fs =2225 Fs=1747 £ 49 Fs=27
Week 2: Fc =2312 Fc = 2605 + 29 Fc=42
General prep. Fs=2162 Fs=1772+£35 Fs=27
Week 4: Fc = 2332 Fc = 2667 + 165 Fc=43
IC / Written General prep. Fs=2333 Fs=1813 + 37 Fs=28
VanHeest et 10 National (USA) Fc=16+2  food diary (3 Week 6: Fc = 2568 Fc = 2660 + 245 Fc=43
al. (2014) (Fc=5,Fs=5) Fs=17+2 days) & 24- Mixed prep. Fs = 2602 Fs=1845+51 Fs=28
hour recall Week 8: Fc = 2686 Fc = 2565 + 103 Fc=42
Mixed prep. Fs =2393 Fs=1802 + 46 Fs=28
Week 10: Fc = 2487 Fc = 2608 + 87 Fc=43
Specific prep. Fs =2295 Fs=1801 + 66 Fs=28
Week 12: Fc =2482 Fc =2530 + 291 Fc=41
Taper Fs=2334 Fs=1821+ 42 Fs =28
Off-season N/A F =5258 + 1904 N/A
. Regional & . -
Zietz et al. 23 . Written food General prep. N/A F=5212 +1923 N/A
national F=14+3 . e
(2009) (all female) (Germany) diary (3days)  Specific prep. N/A F=4411 +1391 N/A
Competition N/A F=4714 £ 1674 N/A
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Table 1.1 continued

Participants Methods Results
Authors . Training Age DEE/D.EI Time of season or DEE DEI DEI (kcal-kg BM-
Sample size status (years) collection volume (kcal-day™) (kcal-day™) L. day)
(nation) Y method Y Y Y
Young adults (aged 19-25 years)
Abood et al. 15 Collegiate F-19+o  Written food In-season N/A F=1969 £ 414 F=32
(2004) (all female) (USA) - diary (3 days) 8 weeks later N/A F=1974 + 473 F=32
Early season: N/A Ms = 3609 + 287 Ms = 46
10 km-week? My = 3728 + 215 M, =52
oar & 24 Collegiate /10,4  Writtenfood ~_ :'\ggjksnia\sﬂ‘/’:ekl /A Ms = 3227 + 191 Ms = 41
(1992) (Ms=12, M =12) (USA) diary (2 days) | = 44 km-week ! M, = 4230 + 215 ML =59
Late-season: N/A Ms = 3155 + 215 Ms =40
22 km-week! M. = 3824 + 167 M. =53
de Carvalho 8 National (ran';é '_6‘18_ Written food ngeérsaela;?:p wﬁ m z iggg m z g;
etal. (2012) (all male) (Brazil) 25 years) diary (3 days) Taper N/A M = 3861 M = 49
.. National & _ 1 _ _
Farajian et 31 international M=21+4  24-hour recall 7-17 km-day N/A M = 3408 + 941 M =42
al. (2004) (M =20, F=11) (Greece) F=2114 (4 days) 6 days-week™ F =2018 + 559 F=31
Lukaski et 12 National N/A Written food Pre-season N/A F=2030 £ 96 F=33
al. (1989) (all female) (USA) diary (7 days) Post-season N/A F =2269 + 104 F=36
Pre-season N/A M =3342 + 176 M =43
Lukaski et 29 National N/A Written food F=2193+121 F=35
al. (1990) (M=13,F=16) (USA) diary (7 days) Post-season N/A M = 3717 + 200 M =48
F=2329 £ 167 F=37
Lukaski et 10 National N/A Written food Specific N/A M =3943 + 132 M =51
al. (1996) (M=5,F=5) (USA) diary (3 days) prep./Taper F=2085+ 130 F=33
. 10 km-day?
Matsuda et 13 National /o, f'ocoé \(’j\i’;'rtte(“s Day 2 M =5457 +629 M = 4385 + 803 M = 65
al. (2018) (all male) (USA) e da S)y Day 3 M=3579+401 M =3279+817 M =49
Y Day 4 M =5323+529 M =4279 876 M = 63
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Table 1.1 continued

Participants Methods Results
Authors . Training status DEE/D.EI Time of DEE DEI DEI (kcal-kg BM-
Sample size : collection season or 1 1 1 1
(nation) method volume (kcal-day™) (kcal-day™) -day™)
Young Adults (aged 18-25 years)
Training camp
. . . Equation / 12 km-day*
Ma:“(’gglz"lft M=2F=6) '”tg;:;'no)“a' Weighed food Day 1 3792 + 1048 3889 + 1156 61
' ’ diary (3 days) Day 2 3157 + 429 3803 + 1128 59
Day 3 4780 + 509 4447 + 1068 69
Week 1: M = 3566 * 146 M = 3317 + 389 M =46
General prep. F=2784 216 F =1921 + 466 F=28
Week 6: M = 3865 + 260 M = 3393 + 480 M =48
Mixed prep. F =3076 £ 258 F =2027 £ 348 F=30
Week 9: M = 3984 + 367 M = 3336 + 139 M =47
. Specific prep. F=3077 £ 209 F=1792 £ 188 F=27
National & PAR I Week I “Week14:  M=3285:216 M= 3460+ 389 M = 48
Montenegro 18 international diary (2 days): Competition F=2676+20 F =1905 + 320 F=28
etal. (2017) (M =10,F=8) (Brazil) Weeks 6.32- Week 18: M=4071+188 M =3014 + 257 M =42
24-hour recal.l General prep. F =3156 + 328 F=1670+ 230 F=25
Week 24: M = 3903 + 202 M =3111+195 M =43
Mixed prep. F=3107 £ 195 F=1763 £ 236 F=26
Week 28: M =4021 + 181 M =3020 = 271 M =42
Specific prep. F=3239+174 F=1750 % 230 F=26
Week 32: M = 3233 + 146 M = 3297 + 403 M =45
Competition F =2575+ 153 F =1523 + 264 F=24
Week 1: M = 3600 + 273 M = 4530 + 497 M =60
. 27 km-week* F=2839+118 F=2579 £ 156 F=42
Noland et al. 21 National (USA) F;Q;/ d\i';’rr)'/“(es” Weekd4:  M=3897+230 M =3704 495 M = 49
(2001) (M=9,F=12) days) 39 km-week®  F=3333+226 F = 2525 + 140 F=41
Week 9: M=3992+332 M =3062+ 495 M = 40
40 km-week? F=3149 £ 130 F=2494 + 137 F=41




Table 1.1 continued

Participants Methods Results
Authors sample size ng It’ldgg Age cDoI?IEéItDi(I)Er: Time of season DEE DEI DEI (kcal-kg
P X (years) or volume (kcal-day™?) (kcal-day™?) BM1.day?)
(nation) method
Young Adults (aged 18-25 years)
. Equation /
Ousley-Pahnke 16 National ! Taper:
F=20£1 Written food 1 F=2342 £ 158 F = 2275 £ 665 F=34+11
et al. (2001) (all female) (USA) diary (4 days) 4.3 km-day
Paschoal & 8 International _ Written food 3 hours-day* _ _
Amancio (2004) (all male) (Brazil) M=19+1 diary (4 days) 6 days-week* N/A M = 3810 M=53+10
Petersen et al. 24 National F=20 Photo food ,\2232222222_ N/A F=2403+864 F=37
(2006) (all female) (USA) (median) diary (3 days) 6.4-10 km- da.y'l N/A F =2356 £ 768 F=37
General prep. M = 2646 + 146 M =3158 + 773 M =48
Sato et al. 19 National M=20+1  |C+PAR/ 3.5 km-day™ F=2085+326  F=2710+431 F =146
(2011) M=6,F=13)  (apan)  F=19%1 ?Otz’gfg;’ds) Specific prep. M =2932+335 M= 3322 +378 M = 50
y (s day 6-7km-day! ~ F=2562+372  F=2880+408 F=49
Trappe et al. 5 International F=19+1 th(\)/g {j;{avr;tzgn Training camp F = 5503 + 495 F = 3136 + 227 F=48
(1997) (all female) (USA) - days) 5-6 hours-day* - -
Trindade et al. 19 ”'?'tztr';’arl?(')f;l M=2143 P@ﬁtgnd?gjé/ General prep. M =2908+146 M = 3328 + 694 M = 44
(2017) M=11,F=8) . F=20£3 . 9 km-day™* F =2360 £ 138 F=2203 £ 501 F=34
(Brazil) diary (3 days)
- . IC + PAR/ 3.3 km-day™* F=2873+£577 F =2497 £ 759 F=40
Vallieres et al. 6 International Foo41 Written food
(1989) (all female) (Canada) - diary (3 days) 30 days later F=2511+ 364 F = 2446 + 693 F=39
Van Handel et 27 Mational & © 22243 written food nseason VA M=4339£1000 M=55+11
al. (1984) (M=13,F=14) (USA) F=17+2 diary (3 days) F = 2300 + 840 F=37+8

All data are mean + standard deviation. DEE = daily energy expenditure; DEI = daily energy intake. M = male swimmers; Ms/M_ = male sub-groups completing either ‘short’
(22 km-week?) or ‘long’ (44 km-week™) weekly distances. F = female participants; Fc/Fs = female sub-groups with either ‘cyclic’ or ‘suppressed’ menstrual function;
F«s/F-1s = female sub-groups either aged ‘<15 years” or ‘>15 years’; &py = swimmers with a diagnosed eating disorder. DLW = doubly labelled water; IC = indirect

calorimetry; PAR = physical activity record; FFQ = food frequency questionnaire. N/A = insufficient data reported.
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1.2.2 Carbohydrate

Dietary CHO directly increases the concentration of muscle glycogen (Bergstrom et al., 1967): the
primary fuel when exercising at intensities >65-75% of maximal O, uptake (VOamax) (Ivy, 1991).
However, muscle glycogen stores can quickly deplete during swimming training of high intensities, or
when swimming distances >5 km-day?* (Costill et al., 1988b). As most highly trained swimmers will
complete 1-2 swimming sessions-day™, consisting of training volumes between 5-10 km-day™
(Pollock et al., 2019), it is essential that sufficient CHO is consumed daily. Indeed, inadequate CHO
intakes have been associated with greater perceptions of fatigue, as well as a decreased capacity to
complete high-volume and/or high-intensity training in swimmers (Costill et al., 1988a; Reilly &
Woodbridge, 1999). Moreover, swimming with low glycogen availability can also increase circulating
stress hormones and impair the immune system (Gleeson & Bishop, 2000), both of which increase the
risk of contracting illnesses. Avoiding illnesses should be a key priority for swimmers as this can
directly impair training performance and/or the ability to compete, either through attendance or
performing poorly (Johnson, 2003; Pyne et al., 2005). Therefore, for swimmers to maintain their level
of performance, training capacity, and health status throughout the season; it is important they

consume sufficient daily CHO to support their energy demands.

The amount of daily CHO that should be consumed by swimmers is determined by training volume
and intensity. Costill et al. (1988a) showed that swimmers who consumed ~5 g-kg BM*-day* CHO
during a high-volume training period (9 km-day?) did not fully replenish muscle glycogen stores,
leading to a reduction in exercise capacity; although, this effect was not observed in swimmers who
consumed a CHO intake of ~8 g-kg BM™-day?. Importantly, the lower CHO intakes were also
associated with energy deficiency (-1000 kcal-dayt), which might infer that dietary CHO is equally as
important for performance by sustaining energy balance during high-volume phases. This was
corroborated by Lamb et al. (1990), who found no differences in training performance across a

moderate-intensity training week when swimmers ingested energy matched diets of differing CHO
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proportions (6 vs. 12 g-kg BM*-day*). However, caution must be taken since both studies (Lamb et
al., 1990; Costill et al., 1988a) took place over a maximum duration of 10 days, and therefore did not
investigate the long-term implications of consuming inadequate CHO. Nonetheless, based on this
early evidence, it appears that a daily CHO intake between 6-12 g-kg BM*-day™ may be required to
meet energy and glycogen demands during moderate-to-high-volume training phases (Dominguez et
al., 2017; Mujika et al., 2014); although, it should be noted that these were identified in adults and not
adolescents. At present, there is little research to suggest an optimal CHO intake for low-volume or
competition swimming phases, though intakes between 3-10 g-kg BM™.day* have been mooted
depending on the individual’s energy requirements and number of high-intensity efforts/races that will

be completed (Mujika et al., 2014).

Given the lack of strong evidence in swimming, the following CHO guidelines have been suggested
based on other power-endurance sports that require efforts greater than 100% of VOzmax for up to 10
min (Stellingwerff et al., 2011): 3-5 g-kg BM*-day* when training is low-intensity and skill-based,;
5-7 g-kg BM*.day! for shorter duration training sessions (~1 hours-day? at moderate-to-high
intensities); 6-10 g-kg BM-day* when training once per day (1-3 hours-day? at moderate-to-high
intensities); and 8-12 g-kg BM*-day™* when training twice per day (4-5 hours-day? at moderate-to-
high intensities). Whether adolescent swimmers require greater daily CHO intakes is currently
unclear. Indeed, it is well established that children and adolescents have lesser developed glycolytic
metabolism compared to adults (Boisseau & Delamarch, 2000), and often utilise less CHO at given
exercise intensities (Martinez & Haymes, 1994; Rowland et al., 1987). However, such differences are
typically observed in children and adolescents of low physical maturity and training status; hence,
these results might not extrapolate to highly trained adolescents who have extensive training histories.
Further research is therefore required to assess whether adolescent swimmers should deviate away
from the CHO guidelines for adults, although this is not recommended at present (Desbrow, 2021;

Hannon et al., 2020b).
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Most research to date has only analysed the CHO intakes of adolescent swimmers at singular time
points, finding inconsistent results (Table 1.2). In early work, for example, males consistently
consumed CHO intakes >7 g-kg BM™-day?, whereas female swimmers reported more variable
intakes (5.5-7.4 g-kg BM*.day?) (Berning et al., 1991; Hawley & Williams, 1991). However, these
studies examined CHO intake during different training phases (6 vs. 10 km-day™), perhaps indicating
that female swimmers were more capable of adjusting their daily CHO intakes compared to males. In
a follow up investigation, both male and female swimmers were suggested to be consuming ‘low’
CHO intakes (<5 g-kg BM™*-day™); though, as this study did not provide training details, it was
unclear whether these intakes were suboptimal for the training phase (Hassapidou et al., 2002). Later
studies seemingly supported the notion that male swimmers consume higher CHO intakes (5.6-6.5
g-kg BM*-day?) than female swimmers (3.6-5.5 g-kg BM*-day™) (Collins et al., 2012; Martinez et
al., 2011). Although, as both these studies used dietary collection method that relied on participant
memory (24-hour recall and FFQ, respectively), it is plausible that a greater proportion of female
swimmers instead misreported their intakes (Jonnalaggada et al., 2000). More recently, all male
swimmers from the Slovenian junior national team reported consuming 6-10 g-kg BM*.day* CHO
during a high-volume training phase (=21 hours-week™?), whereas this intake threshold was only
achieved by 69% of females (Simi¢ and Mohorko, 2018). Collectively, these studies show that
adolescent female swimmers are likely to report lower CHO intakes compared to males. Though
whether these intakes were accurate or had practical implications is unclear, considering that each of

these studies only assessed intakes once, and at varying points within the swimming season.

Few studies have assessed the CHO intakes of adolescent swimmers on a longitudinal basis,
observing a lack of dietary periodisation. Alméras et al. (1997) first showed that female swimmers did
not alter their CHO intake over a 13-month period (~6 g-kg BM-day?), including during a two-
month detraining period. However, while these intakes were seemingly in accordance with the current
CHO recommendations (Mujika et al., 2014), it is important to note that these intakes were assessed

in just six ‘weight stable’, internationally competitive swimmers; and thus, may not be reflective of
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most adolescent swimming populations. Indeed, contrasting evidence was reported by Kabasakalis et
al. (2007), who showed that highly trained male and female swimmers in Greece consumed CHO
intakes of 3-5 g-kg BM™-day™ at both high-volume and low-volume training phases. Moreover, it
appeared that males reduced their CHO intakes in favour of dietary fat during the high-volume
training stage, possibly due to: (a) dietary norms in this population (e.g., Mediterranean diet;
Philippou et al., 2017); (b) misreporting in such a small participant sample (four males, five females);
or (c) having poor knowledge of sport nutrition principles. A final study found very high CHO intakes
in a cohort of German female swimmers regardless of being in intensive training, competition, or rest
periods (~10 g-kg BM*.day?) (Zietz et al., 2009). Interestingly, these intakes were observed in
swimmers of varying ages (10-20 years) and training levels, though it was unclear why these intakes
were so high compared to previous investigations. Current longitudinal studies therefore display
inconsistent results across small and varied cohorts, giving little indication of the current CHO intakes

of highly trained adolescent swimmers, particularly in males.

Most research regarding the CHO intakes of adolescent swimmers was conducted 10-20 years ago,
which might now provide an outdated perspective. Therefore, more recent research involving highly
trained young adults (aged 19-25 years) shall briefly be discussed, as these intakes may have
continued from adolescence (Table 1.2). An investigation from Brazil followed 18 international- and
national-level swimmers over an eight-month period, observing low CHO intakes (<6 g-kg BM*-day
1) in 76% of all dietary assessments (Montenegro et al., 2017). However, these intakes were initially
monitored with just a two-day food diary in the first week, with 24-hour recalls used for the seven
time points thereafter; both assessment methods associated with unreliable results and underreporting
(Magkos & Yannakoulia, 2003). Nonetheless, this evidence was supported by Trindade et al. (2017),
who also showed that Brazilian swimmers consumed low CHO intakes before, during, and after
exercise; contributing to inadequate daily intakes (males: 5.4 g-kg BM*-day?, female: 4.7 g-kg BM-
L.day?) to support a high-volume training phase. In contrast, both Matsuda et al. (2019) and Mizugaki

et al. (2021) recently reported CHO intakes within the recommended ranges in national- and
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international-level swimmers from the USA and Japan, respectively. Both groups of swimmers
reported consuming between 6-10 g-kg BM™.day? during periods of high-volume training and
appeared to alter their intakes each day depending on training load. Although, as with other research
using singular time points, these studies only provided a three-day window of CHO intake that could
have either been underreported, or purposely increased in response to the added dietary scrutiny
(Burke, 2015). Given this scant research, further longitudinal research is needed to understand the

current CHO practices of highly trained adolescent swimmers.

Overall, the current literature is equivocal regarding the CHO intakes of highly trained adult and
adolescent swimmers. A large proportion of studies have reported inadequate CHO intakes during
high-volume training phases, which could impair training quality, recovery, and immunity at key
points of the competitive season (Burke & Mujika, 2014; Pyne et al., 2014). This is a concern for
adolescent swimmers since being able to train at a high standard on a daily basis is essential for
maximising training adaptations and consequently, making continuous progressions in racing
performance (Mujika et al., 2014). On the other hand, research has reported that some swimmers
consume high CHO intakes that are not periodised over the course of the season, potentially leading to
body mass increases during low-volume training phases that could offset performance (Alméras et al.,
1997; Kjendlie et al., 2004). Besides these mixed outcomes, however, much of the research involving
highly trained adolescent swimmers may now be outdated, obscuring the current understanding of
CHO intakes behaviour. The importance of this understanding was recently made clear during
COVID-19 pandemic, where large decreases and increases in swimming volume were caused by
national lockdowns and self-isolation periods (Haddad et al., 2021). Therefore, given the lack of
research, and the possibility of future pandemics occurring, further longitudinal observations of the
dietary CHO intakes of highly trained swimmers during high-volume and low-volume training

periods (i.e., COVID-19) are required.
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Table 1.2. An overview of studies that have reported the dietary carbohydrate intakes of highly trained adolescent and young adult swimmers.

Authors

Participants

Methods

Results

Sample size

Training status
(nation)

Age (years)

Collection
method

Time of season
or volume

Absolute CHO
intake (g-d)

Relative CHO intake

(g-kg BM*-d?)

Adolescents (aged 11-18 years)

Alméras et al.
(1997)

Arachchi et al.
(2015)

Berning et al.
(1991)

Collins et al.
(2012)

da Costa et al.
(2013)

Hassapidou et
al. (2002)

Hawley &
Williams (1991)

Kabasakalis et
al. (2007)

6
(all female)
38
(M=16,F=22)
43
(M=22,F=21)
91
(M=30,F=61)
77
(all female)
35
(M =20,F=15)
20
(M=9,F=11)
9
(M=4,F=5)

International
(Canada)

National &
international (Sri
Lanka)

National (USA)

Mixed (USA)

National (Brazil)

National &
international
(Greece)

N/A
(New Zealand)

International
(Greece)

N/A (range:
11-19 years)

Written food diary

(3-day)

24-hour recall (3
day)

Written food diary

(5-day)

FFQ (12-month
recall)

Written food diary

(3-day)

Weighed food
diary (7-day)

Weighed food
diary (4-day)

Written food diary

(3-day)

Start of season
4 months
8 months
12 months
2-month rest

6 days-week™
2 hours-day*

Training camp
10 km-day?

N/A

N/A

In-season

6 km-day?
6 days-week™

Week 0:
Pre-season
Week 10:

57 km-week?

F =392 +67
F=391+69
F=401+72
F=334+52
F=328+78

M =743 £ 63
F=651+93

M =596 + 21
F=428+24

N/A

F<15 =275
F<15(ED) =263
les =372
Fs15Ep) = 259

M =314 +50
F=288+20

M =404 £ 88
F=292+87

M =340
F =254
M =276
F =298

F=6.6
F=6.6
F=6.6
F=54
F=51

N/A

M=64%26
F=55%+23

F<«5=5.9
F<i5Ep) = 4.9
Fs15=6.5
F>15Ep) = 4.5

M=46+1.0
F=48+16

M=73+17
F=55+25

M = 4.5
F=41
M=37
F=47
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Table 1.2 continued

Participants Methods Results
Authors sample size Training status Age (years) Collection Time of season Absolute CHO Relative CHO intake
P (nation) ge ly method or volume intake (g-d?) (g-kg BM*-d Y
Adolescents (aged 11-18 years)
Kabasakalis et Week 19: M =283 M=338
al. (2007) 9 International M=18+1  Written food diary Minor taper F=272 F=43
cc;ntinued (M=4,F=5) (Greece) F=17+2 (3-day) Week 32: M =285 M =37
Major taper F =256 F=4.0
Martinez et al. 36 Regional & M=16+1  24-hourrecall (3- 30-36 km-week* M =345+13 M =5.6
(2011) (M=22,F=14) national (Spain) F=15%1 days) 6 days-week? F=203+12 F=3.6
Simi¢ & 19 International M=16+1 Weighed food 21+3 M =594 M=81%+13
Mohorko (2018) (M=6,F=13) (Slovenia) F=14z+1 diary (3-days) hours-week* F =395 F=69+21
. Off-season F=630+117 N/A
. Regional & : . _
Zietz etal. 23 national F=14+3 Written food diary General prep. F=723+152 N/A
(2009) (all female) (Germany) - (3-day) Specific prep. F=622+122 N/A
y Competition F = 669 + 154 N/A
Young adults (aged 19-25 years)
Abood et al. 15 . Written food diary In-season F=375%39 F=56
Collegiate (USA F=19+2
(2004) (all female) glate (USA) (3-day) 8 weeks later F=277+44 F=4.1
Early season: Ms =500 £ 44 Ms =6.3
10 km-week™? M. =501 + 36 ML=7.0
Mid-season:
Barr & Costill 24 . _ Written food diary  _ = 99 km.week-: Ms = 474 + 40 Ms = 6.0
(1992) (M,=12, M =1) Collegiae (USA) - M=19+1 (2-day) S 4t kmaweokl | Mu=600:+38 M. =8.3
Late-season: Ms =438 £ 32 Ms=5.5
22 km-week? M. =545+ 34 M_L=7.6
. . . Pre-season M =538 M=7.0
dea(lla(r;/gllg(; et (all r?mle) National (Brazil) 1’\:3/_'255?232) ertt?g_?;f) diary General prep. M =590 M=7.6
' Taper M =508 M=6.4
Farajian et al. 31 ”':'tzi'r?a”t‘?(')f;l M=21+4 24-hourrecall (4-  7-17 km-d* M =361+ 114 M=50+15
(2004) (M =20, F=11) (Greece) F=21%4 day) 6 d-wk? F=248+76 F=38%12
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Table 1.2 continued

Participants Methods Results
Authors sample size Training status Age (years) Collection Time of season Absolute CHO Relative CHO intake
b (nation) ge by method or volume intake (g-d) (g-kg BM*-d?)

Young Adults (aged 19-25 years)

Lukaski et al. 12 . Written food diary Pre-season F=271+20 F=44
(1989) (all female) National (USA) N/A (7-day) Post-season F=334+17 F=53
Pre-season M =429 + 24 M=55
Lukaski et al. 29 National (USA) N/A Written food diary F=285+20 F=46
(1990) (M=13,F=16) (7-day) POSt-58350N M =480 * 25 M=6.3
F=320+18 F=5.0
Lukaski et al. 10 . Written food diary Specific M =440+ 33 M =57
(1996) M=5F=5 National (USA) N/A (3-day) orep./Taper F =260 + 22 F=41
General prep.
Matsuda et al. 13 . _ Written food diary Day 2 M =589 + 123 M=87+18
(2018) (all male) National (USA) M =20+1 (3-day) Day 3 M = 449 + 84 M=67+13
Day 4 M =553+111 M=82x17
= + = +
Mizugaki et al. 8 International M=24+1 Weighed food Training camp Bg ; _ ggg N igg gg ; _ 22 + gé
(2021) (M=2,F=6) (Japan) F=21%2 diary (3-day) Day 3 = 614 ; 136 Day 3 = 9:6 ; 1:6
Week 1: M =410 M=57+15
General prep. F=272 F=40+23
Week 6: M =428 M=6.0+23
Mixed prep. F =275 F=41+19
R Week 9: M =400 M=56+17
National & V¥§§§ éi.a\;vrl(t;e_n Specific prep. F =255 F=38%11
Montenegro et 18 international M=20+3 day): WeeIZ6—32' Week 14: M =471 M=66+1.8
al. (2017) (M=10,F=8) - F=20+3 Y); ) Competition F =248 F=37+14
(Brazil) 24-hour recall (1- Week 18: M = 347 M=48+13
day) General prep. F =203 F=30%10
Week 24: M =360 M=50%1.2
Mixed prep. F=213 F=32+12
Week 28: M =367 M=51+14
Specific prep. F =220 F=33%10
Week 32: M = 386 M=53+28
Competition F=174 F=27+13
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Table 1.2 continued

Participants Methods Results
Authors sample size Training status Age (years) Collection Time of season Absolute CHO Relative CHO intake
b (nation) g9e ly method or volume intake (g-d) (g-kg BM*-d?)
Young Adults (aged 19-25 years)
Ousley-Pahnke 16 . _ Written food diary Taper: _ _
etal, (2001) (all female) National (USA) F=20+1 (4-day) 4.3 km-day™ F =362+ 109 F=55
Petersen et al. 24 National (USA) F=20 Photograph food ;Eg:zgzzgg_ F=365+108 F=57
(2006) (all female) (median) diary (3-day) 6.4-10 km-day™! F=381+116 F=6.0
General prep. M =443 £ 135 M=6.8%25
Sato et al. 19 National (Japan) M=20+1  Photograph food 3.5 km-day! F =347 + 64 F=59+12
(2011) (M=6,F=13) P F=19%1 diary (3-day) Specific prep. M =474 £77 M=72%+16
6-7 km-day* F=373+62 F=63+12
. National & _ . : _ -
Trindade et al. 19 international M=21+3 Written food diary  General prep. M =402 £ 98 M=54+13
(2017) (M=11,F=8) (Brazil) F=20+3 (3-day) 9 km-day? F =298 + 109 F=47%20
Valliéres et al. 6 International Foop4q Written food diary 3.3 km-day™! F=336+53 F=54
(1989) (all female) (Canada) - (3-day) 30 days later F=341+59 F=54
Van Handel et 27 Ir’:'tzi'r?a”t?(')f;l M=22+3 Writlen food diay | M =532 + 108 M=6.7
al. (1984) (M=13,F=14) F=17+2 (3-day) F=305+35 F=49

(USA)

All data are presented as mean + standard deviation. CHO = carbohydrate. M = male swimmers; Ms/M_ = male sub-groups completing either ‘short’ (22 km-week™?) or ‘long’
(44 km-week?) weekly distances. F = female swimmers; F«s/Fsis = female sub-groups either aged ‘<15 years’ or “>15 years’; ep) = swimmers with a diagnosed eating
disorder. FFQ = food frequency questionnaire. N/A = insufficient data reported. Bold text indicates a CHO intake <3 g-kg BM-day* during taper and competitions, and <6
g-kg BM1-day* during training phases (Desbrow et al., 2014; Mujika et al., 2014).
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1.2.3 Protein

Protein is an essential macronutrient that provides the ‘building blocks’ (amino acids) to support a
variety of physiological functions, including repairing and remodelling damaged tissues; synthesising
new muscle and mitochondrial proteins; and creating new proteins involved with immune functioning
(i.e., immunoglobulins, cytokines) (Moore et al., 2014; Walsh, 2019); all of which are important to
support adaptations to swimming training. Furthermore, protein has further roles within bone and
hormone production (Bonjour et al., 2001; Rose, 2019), making daily intakes an important
consideration for growth and development (Aerenhouts et al., 2013; Forbes, 1964). However, while
adolescent swimmers will have increased protein needs compared to the general population (Baxter-
Jones et al., 2008), there is little evidence to suggest that their protein needs are greater than highly
trained adults (Mazzulla et al., 2018). Provided adequate energy is consumed, it appears that protein
recommendations to maximise net protein balance are mainly influenced by total body mass, rather
than age or development (Desbrow et al., 2014). Because of this, a protein recommendation of 1.5-2
g-kg BM*.day? is thought to replace any exercise-induced amino acid oxidative losses, enhance
whole body net protein balance, and support the normal growth and development of adolescent
athletes (Desbrow, 2021; Hannon et al., 2020b). Although this has not been specifically observed in
adolescent swimmers, this protein recommendation is in accordance with evidence in adult swimmers;
such that a protein intake of 1.4-1.9 g-kg BM-day* has been mooted to support protein balance
during high-volume swimming training phases (Matsuda et al., 2018); whereas 2.3-3.0 g-kg BM"

L.day! may be required under very high training loads (>6 hours-day*, 10-12 km-day?).

Only two studies have monitored the protein intakes of adolescent swimmers multiple times during a
competitive season, both of which identified that males (1.5-2.4 g-kg BM*-day) and females (1.5
1.8 g-kg BM*-day™) achieved the recommendations at all assessment points (Alméras et al., 1997;
Kabasakalis et al., 2007). However, these observations were identified in small cohorts (n <10) of

internationally competitive adolescents, and therefore it is unclear whether these outcomes can be

25



generalised to highly trained adolescents who are on a development pathway. All remaining studies
have only assessed protein intakes at singular time points, which provide less accurate depictions of
the daily intakes within this cohort (Burke, 2015). Nonetheless, most studies appear to support that
both adolescent male (1.5-2.7 g-kg BM*-day?) and female swimmers (1.5-2.1 g-kg BM*-day) have
little difficulty consuming adequate daily protein (Table 1.3). While two studies did show contrasting
evidence in females (1.3-1.4 g-kg BM*-day*; Collins et al., 2012; Martinez et al., 2011), these both
utilised retrospective (24-hour recall, FFQ) rather than prospective assessment methods (food diaries),
and included swimmers of mixed training levels (vs. specifically highly trained swimmers); factors
that could have affected the reliability of dietary reporting (Burke, 2015; Magkos & Yannakoulia,
2003). Given this paucity of evidence, further research investigating the current protein intakes of

highly trained adolescent swimmers at various training phases is required.

It should be noted that lower protein intakes (<1.5 g-kg BM-day?) have been observed in young
adult swimmers (Table 1.3); however, this likely due to the age of these studies rather than declines in
protein intake as swimmers reach adulthood. Indeed, early protein guidelines for athletes were set at
12-15% of DEI in the 1980s and early 1990s (American Dietetic Association, 1987), before
increasing to 1-1.7 g-kg BM™-day* in the late 1990s and 2000s (Lemon, 1998; Tarnopolsky, 2004).
Therefore, while historical studies might suggest that low protein intakes were being consumed, these
might have been optimal at the time (e.g., Barr & Costill, 1991; Farajian et al., 2004; Lukaski et al.,
1989). Since 2010, studies have showed that young adult swimmers have little difficulty achieving the
current protein guidelines (de Carvalho et al., 2012; Sato et al., 2011; Trindade et al., 2017), though
these do not give an indication of how protein intakes might change at different phases of the
competitive season (or during lockdown phases of a global pandemic). Montenegro et al. (2017)
sought to address this by monitoring protein intakes over an eight-month period, showing protein to
be in the recommended range for swimmers on all but one occasion: females in the first week of the
season (1.4 g-kg BM*.day?). Though intakes were reportedly increased thereafter, this should be

interpreted cautiously since dietary assessment methods in week one (two-day food diary) were
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different to all follow-up time points (24-hour recall for one day), potentially misrepresented actual
protein intakes (Magkos & Yannakoulia, 2003). Overall, the current evidence regarding the protein
intake of swimmers is either dated, based on single time points, or has used unreliable assessment

methods; thus, requiring further research over a longitudinal timeframe.
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Table 1.3. An overview of studies that have reported the dietary protein intakes of highly trained adolescent and young adult swimmers.

Authors

Participants

Methods

Results

Sample size

Training status
(nation)

Age (years)

Collection
method

Time of season
or volume

Absolute protein
intake (g-d?)

Relative protein intake
(g-kg BM*-d Y

Adolescents (aged 11-18 years)

Alméras et al.
(1997)

Arachchi et al.
(2015)

Berning et al.
(1991)

Collins et al.
(2012)

da Costa et al.
(2013)

Hassapidou et
al. (2002)

Hawley &
Williams (1991)

Kabasakalis et
al. (2007)

6
(all female)

38
(M =16, F = 22)

43
(M =22, F=21)

91
(M =30, F = 61)

77
(all female)

35
(M = 20, F = 15)

20
(M=9, F=11)

9
(M=4,F=5)

International
(Canada)

National &
international (Sri
Lanka)

National (USA)

Mixed (USA)

National (Brazil)

National &
international
(Greece)

N/A
(New Zealand)

International
(Greece)

N/A (range:
11-19 years)

Written food diary
(3-day)

24-hrecall (3
days)

Written food diary
(5-day)

FFQ (12-month
recall)

Written food diary
(3-day)

Weighed food
diary (7-day)

Weighed food
diary (4-day)

Written food diary
(3-day)

Start of season
4 months
8 months
12 months
2-month rest

6 days-week™
2 hours-day*

Training camp
10 km-day?

N/A

N/A

In-season

6 km-day?
6 days-week™

Week 0:
Pre-season
Week 10:

57 km-week?

F=96+20
F=03+22
F=105+23
F=96+21
F=95+29

M =86 + 17
F=78+14

M =166 +5
F=107+4

N/A

F<15 =98
F<15(ED) =91
les =114
F-15@ep) = 98

M=112+15
F=90+13

M =108 + 38
F=79+24

M=174
F=112
M =176
F=110

F=16
F=16
F=17
F=16
F=15

N/A

M=17%0.8
F=13+0.7

F<15 =21
F<isep) = 1.7
Fs15=2.0
Fx15@ep) = 1.7

M=16%+0.5
F=15+03

M=19%0.6
F=15%06

M=23
F=18
M=24
F=17
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Table 1.3 continued

Participants

Methods

Results

Authors Training status

Sample size

Age (years)

Collection

Time of season

Absolute protein

Relative protein intake

(nation) method or volume intake (g-d ) (g-kg BM*-d?)
Adolescents (aged 11-18 years)
Kabasakalis et Week 19: M =137 M=18
al. (2007) 9 International M=18+1  Written food diary Minor taper F=113 F=18
co.ntinued (M=4,F=5) (Greece) F=17+2 (3-day) Week 32: M =115 M=15
Major taper F=112 F=18
Martinez et al. 36 Mixed (Spain) M=16+1  24-hourrecall (3- 30-36 km-week* M=125+9 M=19+0.2
(2011) (M=22,F=14) P F=15%1 day) 6 days-week? F=77+7 F=14+0.1
Simi¢ & 19 International M=16+1 Weighed food 21+3 M =198 M=27%09
Mohorko (2018) (M=6,F=13) (Slovenia) F=14%1 diary (3-day) hours-week* F=97 F=17x04
) Off-season F =164 +47 N/A
Zietz et al. 23 Regional & _ Written food diary ~ General prep. F =164 +31 N/A
(2009) (all female) national F=1423 (3-day) Specific pre F=163+51 N/A
(Germany) P prep. =10k
Competition F=179 + 68 N/A
Young adults (aged 19-25 years)
Abood et al. 15 Collegiate (USA)  F=19+2 Written food diary In-season F=78+11 F=12
(2004) (all female) B (3-day) 8 weeks later F=78%29 F=12
Early season: Ms=120%9 Ms =15
10 km-week™ ML =123+7 ML =17
Mid-season:
Barr & Costill 24 . _ Written food diary . = 29 jem.week: Ms=112+8 Ms = 1.4
(1992) (Mo=12, M =12)  Collegiae (USA) - M=19£1 (2-day) S i kmaweekd  MU=136%0 M. =19
Late season: Ms=123+11 Ms=1.6
22 km-week? ML =126+5 ML=1.8
Pre-season M =128 M=17
de Carvalho et 8 . . N/A (range:  Written food diary _ _
al. (2012) (all male) National (Brazil) 18-25 years) (3-day) General prep. M =164 M=21
Taper M =137 M=17

29



Table 1.3 continued

Participants Methods
Authors Sample size Training status Age (years) Collection Time of season Absolute protein Relative protein intake
P (nation) ge ly method or volume intake (g-d?) (g-kg BM*-d Y
Young Adults (aged 19-25 years)
Farajian et al. 31 National & M=21+4  24-hourrecall (4-  7-17 km-day™? M =146+ 44 M=18%0.6
(2004) (M =20,F=11) international (Greece) @ F=21%4 day) 6 days-week™ F=88+27 F=14+05
Lukaski et al. 12 . Written food diary Pre-season F=61+6 F=1.0
(1989) (all female) National (USA) N/A (7-day) Post-season F=60x4 F=1.0
Lukaski et al 29 Written food diary Pre-season I\/Ilz %10+i34 I\éI:: 11 24
(1990) (M :1%3;’ F= National (USA) N/A (7-day) Post-season M=132+4 M=17
F=86+4 F=14
Lukaski et al. 10 . Written food diary Specific M=120+7 M=15
(1996) (M=5,F=5) National (USA) N/A (3-day) prep./Taper F=76+5 F=12
General prep.
Matsuda et al. 13 . Written food diary Day 2 M=142 +28 M=21%04
N | A M=20%1
(2018) (all male) attonal (USA) ° (3-day) Day 3 M = 106 38 M=16+056
Day 4 M =142 £+ 39 M=21%0.6
. . . Day 1 = 166 + 57 Day 1=2.6+0.8
M'Z%gglz('lft al. M= 28 F=6) International (Japan) F 2214le \glizlrgh(esd_;go)d Training camp Day 2 =173 +£49 Day2=27+0.7
* y (s-0ay Day 3 = 190 + 56 Day 3=3.0%0.7
Week 1: M = 166 M=23+0.2
General prep. F=95 F=14+04
Week 6: M =186 M=26%05
Mixed prep. F=127 F=19+05
Week 1: written Week 9: M =171 M=24+0.7
Montenegro et 18 National & M=20%3 food diary (2- Specific prep. F=114 F=17+£04
al. (2017) (M=10,F=8) international (Brazil) F=20+3 day),; Weeks 6-32: Week 14: M =164 M=23%0.7
24-hour recall Competition F=127 F=19+06
Week 18: M =188 M=26+0.8
General prep. F=115 F=17%06
Week 24: M =202 M=28+0.8
Mixed prep. F=133 F=20%0.6
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Table 1.3 continued

Participants Methods Results

Authors

Sample size

Training status

Age (years)

Collection

Time of season

Absolute protein

Relative protein intake

(nation) method or volume intake (g-d) (g-kg BM*-d?)
Young Adults (aged 19-25 years)

M Nati | Week 1: written Week 28: M =209 M=29£0.9
Z?tigggg; et 18 intzi'r?afl?o rf; M=20+3 food diary (2- Specific prep. F =133 F=20+05
cdntinued (M =10,F=28) (Brazil) F=20+3 day); Weeks 6-32: Week 32: M =175 M=24+08

24-hour recall Competition F =109 F=17+04

Ousley-Pahnke 16 . _ Written food diary Taper: _ _

et al. (2001) (all female) National (USA) - F=20+1 (4-day) 4.3 km-day™* F=80+25 F=12
Paschoal & 8 International _ Written food diary 3 hours-day™* _ _
Amancio (2004) (all male) (Brazil) M=19+1 (4-day) 6 days-week* M =164 M=23205
Petersen et al. 24 National (USA) F=20 Photograph food 523:222232- F=79+29 F=12
(2006) (all female) (median) diary (3-day) 6.4-10 km-day™! F=83+28 F=13
General prep. M =103 £ 23 M=16+05
Sato et al. 19 . M=20+1  Photograph food 3.5 km-day! F=86+10 F=15+0.2
_ _ National (Japan) . .
(2011) (M=6,F=13) F=19+1 diary (3-day) Specific prep. M =116 + 22 M=18+05
6-7 km-day F=93+10 F=16+0.2
. National & . : _ -
Trindade et al. 19 international M=21+3 Written food diary = General prep. M =164 + 40 M=22+04
(2017) (M=11,F=8) (Brazil) F=20+3 (3-day) 9 km-day* F=98+25 F=15+05
Valliéres et al. 6 International Foo241 Written food diary 3.3 km-day* F=92+20 F=15
(1989) (all female) (Canada) - (3-day) 30 days later F=92+23 F=15

Van Handel et 27 irl?i?r?ar][?cl)rfgl M=22+3  Written food diary In-season M =184 £ 22 M=23

al. (1984) (M =13, F = 14) (USA) F=17+2 (3-day) F=92+17 F=15

All data are presented as mean + standard deviation. M = male swimmers; Ms/M_ = male sub-groups completing either ‘short’ (22 km-week™) or ‘long’ (44 km-week™)
weekly distances. F = female swimmers; F<s/F=15s = female sub-groups either aged ‘<15 years’ or ‘>15 years’; &p) = swimmers diagnosed with an eating disorder. FFQ =
food frequency questionnaire. N/A = not available as the appropriate data was not reported. Bold text indicates that protein intake was below the minimally recommended 1.5

g-kg BM*-day* as recommended by Desbrow (2021) and Shaw et al. (2014).
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1.2.4 Fat

An adequate fat intake is important for swimmers to meet essential fatty acid requirements (i.e.,
omega-3, omega-6), support the absorption of fat-soluble vitamins, and provide sufficient energy for
growth and development (Petrie et al., 2004). Fats also provide a vital energy substrate for moderate-
intensity exercise (~50-75% VOazmax), with an athlete’s ability to oxidise fatty acids at higher exercise
intensities associated with glycogen sparing and in increase in exercise capacity (Stellingwerff et al.,
2007). It should be noted, however, that worthwhile improvements in fat oxidation during exercise are
more effectively produced because of training adaptations as opposed to dietary manipulation (Harvey
et al., 2019; Shaw et al., 2010). Indeed, while high fat intakes (>50% DEI) are consistently found to
enhance acute fat metabolism during low- and moderate-intensity exercise, there is currently little
evidence to suggest that this holds a performance advantage over high CHO diets (Burke, 2021; Vogt
et al., 2003). Moreover, replacing CHO with dietary fat intake for as little as 5-6 days could produce
adaptations that reduces the capacity to utilise muscle glycogen, which is likely to impair performance
when high-intensity work (i.e., racing) is required (Burke et al., 2021; Havemann et al., 2006);
although these effects are yet to be determined in swimming. Nonetheless, until research suggests
otherwise, dietary monitoring should ensure that swimmers are first prioritising CHO and protein

intakes, while only consuming fat to support daily health and energy requirements.

There are currently no clear fat intake recommendations thought to enhance the health and
performance of highly trained athletes, therefore adult and adolescent swimmers are advised to
consume fat in accordance with public health guidelines (Desbrow, 2021; Hannon et al., 2020b).
These typically suggest that 20-35% of DEI is consumed as fat, primarily through unprocessed food
options to support the intake of essential fatty acids (British Nutrition Foundation, 2021; Desbrow et
al., 2021). This use of public health guidelines was supported in a review by Dominguez et al. (2017),
who suggested that swimmers would benefit from consuming the upper fat intake range (30-35% of

DEI) when training sessions are of high energetic demand, and the lower fat intake range (20—25% of
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DEI) when high-intensity swimming/high CHO is prioritised. However, given that many swimmers
possibly under-consume energy, it is unclear whether advising fat intakes as a percentage of DEI is
appropriate for meeting minimal requirements. Stellingwerff et al. (2011) addressed this by
recommending the following fat intakes relative to body mass: 1.5-2 g-kg BM™-day™ when training
with high-volumes and low intensities; 1-1.5 g-kg BM*-day! when training quality and intensity is
prioritised; and 0.8-1.2 g-kg BM-day™ during tapers and competitions. Adhering to these alternative
guidelines could potentially support the provision of adequate energy for each training phase, yet
swimmers should be cautious not to exceed these thresholds since this could compromise muscle

glycogen replenishment and tissue repair if CHO and protein are displaced (Shaw et al., 2014).

Research in adolescent swimmers has often suggested that high fat intakes are consumed, though this
guestionable when intakes are considered relative to body mass (Table 1.4). Early work by Berning et
al. (1991) first identified fat intakes that exceeded the guidelines set for public health (41-43% of
DEI) and athletic populations (2.8-3.2 g-kg BM*.day?). However, swimmers were based on a
training camp during this investigation and no information was given on dietary controls. Food might
therefore have been provided by catering services or swimmers may have sourced meals themselves
from restaurants, both of which would differ to normal daily practices. In the research to have
followed, only Kabasakalis et al. (2007) have observed swimmers to consume fat intakes exceeding
the athlete guidelines (2.1 g-kg BM1-day?, 41% of DEI). Though, it should be noted that this intake
was only reported in four Greek males during the off-season, which could have been achieved when
consuming a traditional Mediterranean diet alongside processed foods when performance was not
prioritised (Hassapidou et al., 2002). Other studies have suggested that swimmers consumed high fat
diets based on a >35% contribution of DEI (Collins et al., 2012; Martinez et al., 2011); however, this
assumption is likely to be misplaced considering that fat intakes fell within the 1-2 g-kg BM-day*
range. As such, high fat intakes are currently not thought to be a major concern for swimmers at
present; hence, they should instead place focus on achieving higher CHO intakes from quality sources

to reduce the contribution of fat to DEI.
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Table 1.4. An overview of studies that have reported the dietary fat intakes of highly trained adolescent and young adult swimmers.

Participants Methods Results
Authors sample size Training status Age (years) Collection Time of season Proportion of DEI Relative fat intake (g-kg
P (nation) ge ly method or volume (%) BM-day?)
Adolescents (aged 11-18 years)
Start of season F=28x10 F=14
Alméras et al. 6 International _ Written food diary 4 months F :_24 £10 F f 1.2
(1997) (all female) (Canada) F=1rxl (3days) 8 months F=25+8 F=12
12 months F=24+8 F=09
2-month rest F=27%10 F=1.0
Arachchi et al. 38 inté\:ﬁgtci)gﬁl\fz&i M=17+1  24-hour recall (3 6 days-week? M=14+6 N/A
(2015) (M=16,F=22) Lanka) F=17%2 days) 2 hours-day? F=13+2
Berning et al. 43 . M=16+2  Written food diary  Training camp M =43 M=3.2
(1991) M=22, F=21)  Natonal(USA) 't 5. (5 days) 10 km-day* F=41 F=28
Collins et al. 91 . FFQ (12-month M=36%4 M=20+0.8
(2012) M=30,F=61)  Mixed(USA) 14+3 recall) N/A F=36+7 F=18+10
Fas=29 Fas=1.4
da Costa et al. 77 . . N/A (range:  Written food diary F<isEp) = 31 F<isep) = 1.2
(2013) (all female) National (Brazil) 11”14y earg) (3 days) N/A Fopg = 27 Fro=13
Fs1s5ep) = 27 Fs1sep) = 1.1
Hassapidou et 35 Nettonal & 121641 Weighed food I eason M=43+6 M=20+07
al. (2002) (M =20, F=15) F=16%1 diary (7 days) F=41+3 F=18+04
(Greece)
Hawley & 20 N/A M=13+1 Weighed food 6 km-day? M =30 M=18
Williams (1991) (M=9,F=11) (New Zealand) F=13%2 diary (4 days) 6 days-week™ F=27 F=11
Week 0: M =41 M=21
Kabasakalis et 9 International M=18+1  Written food diary Pre-season F=32 F=13
al. (2007) (M=4,F=5) (Greece) F=17%2 (3 days) Week 10: M =43 M=20
57 km-week! F=37 F=17
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Table 1.4 continued

Participants Methods Results
Authors sample size Training status Age (years) Collection Time of season Proportion of DEI  Relative fat intake (g-kg
b (nation) g9e ly method or volume (%) BM.day?)
Adolescents (aged 11-18 years)

Kabasakalis et Week 19: M =40 M=17
al. (2007) 9 International M=18+1  Written food diary Minor taper F=36 F=15
co.ntinued (M=4,F=5) (Greece) F=17%2 (3 days) Week 32: M =45 M=138

Major taper F=41 F=17

Martinez et al. 36 Mixed (Spain) M=16+1 24-hour recall (3 30-36 km-week™* M=34+2 M=17

(2011) (M =22, F = 14) P F=15+1 days) 6 days-week! F=38+3 F=13
Simi¢ & 19 International M=16+1 Weighed food Inz-ieisgn M=23+£5 M=10
Mohorko (2018) (M=6,F=13) (Slovenia) F=14%1 diary (3 days) hours-week-! F=26+7 F=0.38
Regional & Off-season F=37+7 N/A
Zietz et al. 23 ngtional F=14+3 Written food diary General prep. F=32x11 N/A
(2009) (all female) (Germany) - (3 days) Specific prep. F=29+9 N/A
y Competition F=28+12 N/A
Young adults (aged 19-25 years)
Abood et al. 15 . _ Written food diary In-season F=24+7 F=09
(2004) (all female) Collegiate (USA) F=1922 (3 days) 8 weeks later F=23+6 F=07
Early season: Ms = 32 Ms=1.6
10 km-week™ M. =34 ML =1.9
. . . Mid-season:
Barr & Costill 24 . Written food diary : Ms =29 Ms=1.3
_ _ Collegiate (USA) M=19+1 s =22 km-week* _ B
(1992) (Ms=12, M =12) (2 days) | = 44 km-week M, =32 ML=21
Late season: Ms =30 Ms=1.3
22 km-week? M =31 ML=1.8
de Carvalho et 8 N/A (range:  Written food diary Pre-season M =27 M=14
al. (2012) (all male) National (Brazil) 18-25 years) (3 days) General prep. M =29 M=17
Taper M =30 M=1.6
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Table 1.4 continued

Participants Methods Results
Authors sample size Training status Age (years) Collection Time of season Proportion of DEI Relative fat intake (g-kg
pie siz (nation) g9e ly method or volume (%) BM.day?)
Young Adults (aged 19-25 years)
Farajian et al. 31 Ir’:‘gﬁifgl M=21+4 24-hourrecall (4  7-17 km-days™ M =40 + 6 M=17
(2004) (M =20, F=11) (Greece) F=21+4 days) 6 days-week* F=34+9 F=12
Lukaski et al. 12 . Written food diary Pre-season F=34 F=12
(1989) (all female) National (USA) N/A (7 days) Post-season F=30 F=1.2
Pre-season M=3521 M=17
Lukaski et al. 29 National (USA) N/A Written food diary F=35%1 F=14
(1990) (M=13,F=16) (7 days) POSt-58350N M=34%1 M=18
F=30+2 F=12
Lukaski et al. 10 . Written food diary Specific M =32 M=138
(1996) M=5F=5) National (USA) N/A (3 days) orep./Taper F =38 F=14
General prep.
Matsuda et al. 13 . _ Written food diary Day 2 M=33+4 M=23+0.6
(2018) (all male) National (USA) M =20+1 (3 days) Day 3 M=314+6 M=1708
Day 4 M=35+6 M=24+08
Training camp
Mizugaki et al. 8 International M=24+1 Weighed food Day 1 28+ 4 18+04
(2021) (M=2,F=6) (Japan) F=21+2 diary (3 days) Day 2 26+ 3 1.7+05
Day3 28+3 2.1+0.5
Week 1: M =27 M=14+0.6
General prep. F=29 F=09+0.2
Week 6: M =25 M=13+0.3
Mixed prep. F=27 F=09+0.2
National & Week l:. written W_ee_zk 9: M =23 M=12+04
Montenegro et 18 international M=20+3 food diary (2 Specific prep. F=27 F=08+0.2
al. (2017) (M=10,F=8) (Brazil) F=20+3 days); Week 6-32: Week 14: M=24 M=13%05
24-hour recall Competition F=26 F=0.8+0.3
Week 18: M = 26 M=12+05
General prep. F=25 F=07+0.3
Week 24: M =25 M=12+04
Mixed prep. F=24 F=0.7+0.3
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Table 1.4 continued

Authors

Participants

Methods

Results

Sample size

Training status

Age (years)

Collection

Time of season

Proportion of DEI

Relative fat intake (g-kg

(nation) method or volume (%) BM.day?)
Young Adults (aged 19-25 years)

Montenegro et National & Week 1:_ written Wge_k 28: M =26 M=12+04
al. (2017) 18 international M=20+3 food diary (2 Specific prep. F=21 F=06+0.3
cc;ntinued (M=10,F=8) (Brazil) F=20+3 days); Week 6-32: Week 32: M =24 M=12+05

24-hour recall Competition F=27 F=07+0.2

Ousley-Pahnke 16 . _ Written food diary Taper: _ _

et al. (2001) (all female) National (USA)  F=20+1 (4 days) 4.3 km-day™ F=23%5 F=09+04
Pre-season F=24+6 F=08
Petersen et al. 24 . _ Photograph food .
National (USA) F=20 - Mid-season:
(2006) (all female) diary (3 days) 6.4-10 km-day": F=22+6 F=0..8
General prep. M=29+5 M=15
Sato et al. 19 National (Japan) M=20+1 Photograph food 3.5 km-day! F=35%4 F=18
(2011) (M=6,F=13) F=19%1 diary (3 days) Specific prep. M=27+6 M=15
6-7 km-day* F=34+4 F=138
. National & . : _ -
Trindade et al. 19 international M=21+3 Written food diary ~ General prep. M=29+7 M=14+04
(2017) (M=11,F=8) (Brazil) F=20+3 (3 days) 9 km-day? F=29+5 F=11+01
Vallieres et al. 6 International F=o041 Written food diary 3.3 km-day™ F=35%7 F=16
(1989) (all female) (Canada) - (3 days) 30 days later F=33%7 F=14

Van Handel et 27 ”':'tzi'r‘]’a”t?(')f;l M=22%3  Writenfood diary | M=34+8 M =21

al. (1984) (M=13,F=14) (USA) F=17+2 (3 days) F=307 F=12

All data are presented as mean =+ standard deviation. DEI = daily energy intake. M = male swimmers; Ms/M_ = male sub-groups completing either ‘short’ (22 km-week™) or
‘long’ (44 km-week™) weekly distances. F = female swimmers; F<is/F>15 = female sub-groups either aged ‘<15 years’ or ‘>15 years’; &p) = swimmers diagnosed with an
eating disorder. FFQ = food frequency questionnaire. N/A = insufficient data reported. Bold text indicates fat intakes outside the 1-2 g-kg BM-day, or 20-35% ranges
when in season (Dominguez et al., 2017; Stellingwerff et al., 2011).
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1.3 Micronutrients

Whereas macronutrients are required in large amounts (i.e., >100 g-day™) to provide energy, it is the
small amounts of dietary micronutrients (i.e., mg-day? and pg-day™) that enable this energy to be
released and/or transformed for use in physiological processes (Huskisson et al., 2007). Indeed, all
micronutrients have their own individual roles, including O, transport, tissue repair, immunity, bone
health, and growth (Beck et al., 2021); all of which could support swimming performance if adequate
intakes are consumed across the season (Lukaski et al., 1996). It should be acknowledged, however,
that micronutrients themselves do not possess ergogenic mechanisms, and any improvements in
performance are likely due to: (a) swimmers maintaining health across the year, resulting in greater
training adaptations; and/or (b) swimmers overturning the deleterious effects of micronutrient

deficiency (for a review see Huskisson et al., 2007; Lukaski, 2004).

Though swimmers place far greater physical demands on their bodies compared to the general
population, it is currently unclear whether this increases their micronutrient requirements (Beck et al.,
2021; Jordan et al., 2020). For example, it has been suggested that increased vitamin intakes (i.e., B
vitamins, vitamin C) might be required to support energy metabolism and offset the oxidative stress
associated with exercise, whereas increased mineral intakes (i.e., calcium, iron) may be necessary to
replace losses that occur through sweat and urine (Huskisson et al., 2007). Furthermore, swimmers
who restrict their DEI or avoid certain food groups (e.g., meat, dairy) could be placed at risk of
micronutrient deficiencies (da Costa et al., 2013; Lukaski et al., 2004), even if vitamin and mineral
supplements are consumed (Farajian et al., 2004). As there are no optimal micronutrient guidelines
available for swimmers at present, it is advised that swimmers achieve their country’s reference
nutrient intakes (RNI) through a varied, energy balanced diet as a minimum (Thomas et a., 2016),
with supplemental intakes considered if these cannot be achieved through diet alone (Close et al.,

2022).
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1.3.1 Calcium

While most micronutrients are achieved as part of a varied diet, the intakes of calcium, iron, and
vitamin D can be more challenging (Desbrow et al., 2014; Thomas et al., 2016). A suboptimal
calcium status is likely to occur in athletes who either fail to consume an adequate DEI or who
regularly avoid high calcium foods (e.g., milk, cheese, yogurt) (Thomas et al., 2016); possibly
resulting in poor bone health and/or suboptimal bone growth (Desbrow et al., 2014). The current UK
RNIs for adolescents (aged 11-18 years) are >1000 mg-day™ for males, and >800 mg-day™ for
females (British Nutrition Foundation, 2021). However, these intakes have been suspected to be
suboptimal for supporting bone turnover in highly active adolescents (Petrie et al., 2004), therefore
higher intakes for male (>1300 mg-day) and female (>1100 mg-day™) athletes have been proposed
(Vatanparast et al., 2010). Current evidence (Table 1.5) suggests that male swimmers either consume
or are close to consuming calcium intakes at the higher intake threshold (1197-1716 mg-day™).
Females, on the other hand, often fail to consume such high amounts (684-1411 mg-day™); though,
this may be related to female swimmers being more likely to underreport or omit part of their total
food intake (da Costa et al., 2013; Martinez et al., 2011). Nonetheless, since most research shows that
both sexes consume the UK RNI for calcium, and this lower threshold has been found to be sufficient
for supporting bone growth in female adolescent swimmers (Czeczelewski et al., 2013), it is not
currently thought that calcium intakes are a major cause for concern. Despite this, calcium intakes
should be continued to be monitored on an individual basis alongside DEI to ensure that health,

performance, and growth are being supported.

1.3.2 Iron

In athletic populations, it is estimated that ~3-11% of males and ~15-35% of females could have a
deficient iron status, which is a concern for health and performance given the roles of iron in blood
cell production and O, delivery (Sim et al., 2019). Like calcium, both males and females can be

subject to a suboptimal iron status when consuming inadequate energy, or if foods high in iron
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bioavailability are being avoided (e.g., meats) (Thomas et al., 2016); although the risks are higher in
females due to additional iron losses during the menstrual cycle (Pedlar et al., 2018). The current UK
RNIs for adolescents (aged 11-18 years) appear to account for sex and growth, with there currently
being little evidence to support swimmers exceeding the following amounts (Desbrow, 2021): >14.8
mg-day* for females; and >11.3 mg-day™ for males (British Nutrition Foundation, 2021). Research in
swimmers showed that male swimmers consistently report iron intakes exceeding the UK RNI (Table
1.5). Females have also achieved the UK RNI in most studies to date, with intakes below this
threshold only occurring when: (a) underreporting has been suspected (Hawley & Williams, 1991;
Martinez et al., 2011); (b) lower RNIs were used (Lukaski et al., 1989, 1990); (c) supplement intakes
were not considered (Kabasakalis et al., 2007); or (d) when LEA was identified (da Costa et al.,
2013). Other studies reporting intakes slightly below the UK RNI (~13-14 mg-day?) have found no
negative effects on swimmers’ health (Valliéres et al., 1989) or performance (Lukaski et al., 1996).
This research therefore suggests that swimmers may be a low-risk group for consuming suboptimal
iron; however, future research should consider these intakes on an individual basis alongside DEI, as

this could identify a preceding risk factor for iron deficiency.

1.3.3 Vitamin D

Even when swimmers consume a varied diet meeting their energy and macronutrient requirements,
they are still unlikely to consume adequate vitamin D (Thomas et al., 2016). The paucity of vitamin D
in foods and beverages means that only ~10% of daily requirements can be attained through diet
alone, whereas the remaining ~90% is produced naturally following direct exposure to ultraviolet B
(UVB) radiation (e.g., sunlight, tanning beds) (Holick et al., 1977). To meet the dietary vitamin D
requirements, the UK RNI is set at 400 IU-day? for all adults and adolescents (British Nutrition
Foundation, 2021). However, the current dietary vitamin D intakes consumed by swimmers has either
not been reported in dietary assessments, or intakes have been consistently below the UK RNI at 40—

368 IU-day? (Table 1.5). This is a concern among swimmers, as sustaining a sufficient vitamin D
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status has been associated with benefits to skeletal muscle function, training adaptations, bone health,
and immunity (Owens et al., 2018); all of which can support long-term health and performance.
Therefore, considering that swimmers do not achieve the minimally recommended vitamin D through
dietary intake, additional focus should be placed on this population gaining vitamin D exposure

through direct sunlight and/or supplementation.

The measurement of circulating 25-hydroxyvitamin D (25(OH)D) is currently thought to be the best
indicator of recent vitamin D exposure (past 21-30 days), whether obtained from UVB or dietary
sources (Owens et al., 2018). However, the interpretation of 25(OH)D concentrations are currently
contested, dependant on whether authors choose to utilise thresholds recommended by the National
Academy of Medicine (i.e., <25 nmol-L* = ‘deficient’, >50 nmol-L* = ‘sufficient’; Ross et al., 2011)
or the Endocrine Society (i.e., <50 nmol-L? = ‘deficient’, >75 nmol-L* = ‘sufficient’; Holick et al.,
2011). While the more conservative of these guidelines may be appropriate to offset deficiency and
support bone health, it is suggested that a 25(OH)D within the range of 75-125 nmol-L? is essential
to support the many alternative functions of vitamin D (e.g., skeletal muscle function, recovery,
immunity) (Owens et al., 2018; Pludowksi et al., 2018; Zhang et al., 2018). Based on this notion, this
thesis will therefore refer to vitamin D status with the following language, akin to the Endocrine
Society guidelines: 0-24 nmol-L™* = ‘severely deficient’; 25-49 nmol-L* = ‘deficient’; 50-74 nmol-L
! = “insufficient’; 75-125 = ‘sufficient’; 125-250 nmol-L? = ‘high, but reportedly safe’; and >375
nmol-L* = ‘potentially toxic’; which are considered to be appropriate for both adolescent (Desbrow et
al., 2014) and adult swimmers (Thomas et al., 2016). A caveat to this interpretation of vitamin D
status is that it is most appropriate for Caucasian swimmers, with swimmers of darker skin tones (i.e.,
Black and Hispanic) often presenting lower serum 25(OH)D without physiological consequences

(Cauley et al., 2005; Hannan et al., 2008).

Exposing ~20% of the body to direct sunlight (i.e., without clothing or sunscreen) for 5-15 min-day™

is considered a safe and convenient strategy to acquire adequate UVB radiation (Holick, 2004).
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However, applying this strategy to swimming populations has its challenges. Firstly, this strategy may
not be effective year-round since insufficient UVB protons reach the earth’s surface during the winter
(Holick, 2004), meaning that natural vitamin D production is likely to be inhibited. Moreover, in
countries located at latitudes >40° N (e.g., UK = 50-53° N), even the autumn and spring months are
associated with a reduction in daylight hours, a lower angle of the sun, and cloudy weather conditions;
each of which contribute to an 80-100% decline in UVB availability (Farrokhyar et al., 2015; Webb
et al., 1988). Secondly, when small periods of the day do permit adequate sunlight exposure, it may
that swimmers do not maximise these opportunities due to spending large amounts of time indoors,
either through training, competing, resting; or in the case of adolescents, in full-time education
(Farrokhyar et al., 2015; Todd et al., 2015). Considering these barriers to vitamin D production, a
recommendation for athletes is to attain a 25(OH)D >122.5 nmol-L* in the summer months, as this
could help maintain a sufficient vitamin D status until the end of the winter period (Galan et al., 2012;
Lewis et al., 2013b). Although, as this is not always possible, then vitamin D supplements should be

considered.

Vitamin D supplements are consistently found to offset seasonal declines in circulating 25(OH)D that
are occur in swimming populations. Indeed, both Lewis et al. (2013b) and Rockwell et al. (2020a)
showed that supplementing with 4000-5000 IU-day* vitamin D3 maintained 25(OH)D concentrations
across the autumn and winter months, compared to large declines when a placebo (PLA) was
consumed (August to November: -30 nmol-L?; December to March: -20 nmol-L?). Yet, while
supplementation appeared to be favourable, the location of these studies (USA: 37-38° N) enabled
swimmers to attain a 25(OH)D >120 nmol-L* during the summer, thus most swimmers maintained a
sufficient vitamin D status regardless of the declines (i.e., 132 + 42 vs. 110 + 36 nmol-L™*, Lewis et
al., 2013b; 131 + 29 vs. 81 + 16 nmol-L*, Rockwell et al., 2020a). This outcome is not universal,
however, since adolescent swimmers in Israel (31-32° N) displayed insufficient 25(OH)D during an
autumn training period (October: 62 + 12 nmol-L?), which consequently continued to decline near to

levels of deficiency during the winter when supplements were not used (January: 51 + 11 nmol-L?)
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(Dubnov-Raz et al., 2015a). Though, when supplemental vitamin Dz (2000 1U-day™) was consumed,
an increased 25(OH)D occurred over this same timeframe (January: 74 + 16 nmol-L™?). Interestingly,
only 48% of swimmers developed a sufficient vitamin D status with this supplement strategy,
indicating that larger doses and/or a longer supplement duration was required. Finally, despite not
reporting changes in 25(0OH)D, Geiker et al. (2017) showed that 97% of adolescent swimmers in
Denmark (55° N) developed an insufficient vitamin D status during the winter (April: 53 = 18
nmol-L?). Combined, this current research suggests that that vitamin D insufficiency may be a global
problem in swimming populations, possibly warranting all swimmers to ingest between 2000-5000

IU-day* vitamin D3 from October to March.

In recent years, the importance of vitamin D and risks of deficiency have become well known and
incorporated into educational material for swimmers (Foo et al., 2021). Indeed, a large proportion
(72-97%) of athletes now recognise the health and performance benefits of sustaining a sufficient
vitamin D status (Hollabaugh et al., 2022; Leitch et al., 2021; Walker et al., 2014), yet this knowledge
does not guarantee adherence to supplement recommendations. This is because some athletes either:
() do not believe themselves to be at risk of deficiency (Leitch et al., 2021); (b) lack confidence in
their supplement knowledge (Walker et al., 2014); (c) have poor adherence to supplement protocols
(Hollabaugh et al., 2022); and/or (d) do not value the cost of vitamin D3 supplements as a worthwhile
investment (Rockwell et al., 2020b). Evidence of this has been demonstrated in swimmers, such that
only 56% of Danish adolescent swimmers reported using vitamin D3 supplementation during the
winter months, despite being at a very high risk of deficiency (i.e., ~30 hours-week™ of indoor
training, latitude: 55° N) (Geiker et al., 2017). Moreover, those that did use supplements reported
highly variable vitamin D3 doses (mean: 2600 + 1960 IU-day™), resulting in both supplement users
(57 = 21 nmol-L?) and non-users (39 + 13 nmol-L?) having insufficient 25(OH)D following the
winter. Given that suboptimal vitamin D supplement behaviours exist in swimmers, further
monitoring of seasonal 25(OH)D changes in swimmers at high risks of deficiency is required (e.g.,

UK-based, Farrokhyar et al., 2015). Ideally, this should be conducted alongside education to key
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stakeholders (i.e., swimmers, coaches, parents/guardians) to ensure that adequate practices can be

followed.
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Table 1.5. An overview of studies that have reported the dietary calcium, iron, and vitamin D intakes of highly trained adolescent and young adult swimmers.

Participants Methods Results
Authors Sample size Training Age Collection Time of season Calcium intake Iron intake Vitamin D intake
status (nation years metho or volume mg-day mg-day -day
P (nation) __(years) hod l (mg-day™) (mg-day™) (1U-day™)
Adolescents (aged 11-18 years)
Berning et al. 43 . M=16+2 Written food Training camp M =1634 + 76 M=26+1
(1991) (M=22 F=21) Natonal (USA) - _ 1545 Giary (5 days) 10 km-day™* F=1235 + 96 F=18+1 N/A
Collins et al. 91 . FFQ (12-month M =1197 + 469 M=20x7 M =280 £ 160
(2012) (M =30, F = 61) Mixed (USA) 143 recall) N/A F=1117 +521 F=15+7 F =200 + 160
] N/A ] F<15 :_843 F<15 :}3
da Costa et al. 77 National (range: 11- Written food N/A F<i5ep) = 819 F<isEp) = 13 N/A
(2013) (all female) (Brazil) 19 geérs) diary (3 days) Fs15 =909 Fs15 =16
y Fs15Ep) = 706 Fs15ep) = 13
Hassapidou et 35 Ir'?'g'ﬁa”tf‘c')fgl 16+1  Weighed food nscason M = 1421 + 64 M=14+5 VA
al. (2002) (M =20, F=15) (Greece) =16+1 diary (7 days) F=1411+120 F=19+4
F\',@‘i’;’l'i%f‘ 20 N/A M=13+1 Weighed food 6 km-day! M = 1418 + 499 M=20+7 A
=9,F= ew Zealan =13+ iary (4 days ays-week = * =14+
(1991) (M=9,F=11) (NewZealand) F=13+2 diary (4 days) 6d Kkt F =1013 + 562 F=14+4
Kabasakalis et 9 International M=18+1 Written food Mean over 32 M = 1619 + 597 M=17+3 M =132+ 136
al. (2007) (M=4,F=5) (Greece) F=17+2 diary (3 days) weeks F=1189+ 481 F=14+3 F=84+76
Martinez et al. 36 Mixed (Spain) 16+1  24-hourrecall  30-36 km-week™ M =1234 +51 M=16+1 M=72+4
(2011) (M =22, F=14) P F=15+1 (3 days) 6 days-week F =684 + 80 F=11+0 F=40+12
l\s/l'g;]'c‘)’rf; 19 International M =16+1 Weighed food '“Z'iefs,g“ M = 1716 + 353 M=264+7 M = 368 + 252
(2018) (M=6,F=13) (Slovenia) F=14+1 diary (3 days) hours-week-! F =899 + 347 F=17+5 F=113+75
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Table 1.5 continued

Participants Methods Results
Authors Sample size Training status Age Collection Time of season  Calcium intake Iron intake Vitamin D
P (nation) (years) method or volume (mg-day™) (mg-day™) intake (1U-day™)
Young adults (aged 19-25 years)
Abood et al. 15 Collegiate F=1042 Written food In-season F =918 + 305 F=15+4 N/A
(2004) (all female) (USA) T diary (3 days) 8 weeks later F =695 + 329 F=13%5 N/A
Barr & Costill 24 Collegiate _ Written food Early season: _ _
(1992) (all male) (USA) M=1921 " Giary (2days) 10 kmweekt ~ M=109+12l  M=2422 N/A
Farajian et al. 31 Ir':'tztr'r?a”t?éfgl M=21+4 24-hourrecall 7-17km-day® M = 1491 + 717 M=23+9 M = 240 + 148
(2004) (M =20, F=11) (Greece) F=21%4 (4 days) 6 days-week? F =1010 + 452 F=15%5 F =160+ 96
Lukaski et al. 12 . Written food Pre-season N/A F=13+1 N/A
(1989) @l female)y ~ National (USA) - NIA - ooy (7 days)  Post-Season N/A F=12+1 N/A
M=20%1
Lukaski et al. 29 National (USA) N/A Written food Pre-season N/A F=14+1 N/A
(1990) (M =13, F = 16) diary (7 days) Post-season N/A |\F/|:: 123 f 11 N/A
Lukaski et al. 10 . Written food Specific M=19+2
(1996) M=5F=5) Natonal(USA) — NIA v (3days)  prep./Taper N/A F=13+1 N/A
Ousley-Pahnke 16 . _ Written food Taper: _ _
etal. (2001) (all female) National (USA) F=20+1 diary (4days) 4.3 km-day" F=1247 + 387 F=19+9 N/A
Paschoal et al. 8 International _ Written food 3 hours-day* _ _
(2004) (all male) (Brazil) M=19+1 diary (4 days) 6 days-week M=1112 + 462 M=22x4 N/A
Petersen et al 24 Photograph Pre-season F=1131+611 F=16+5 N/A
(2006) (all female) National (USA) ~ F=20 fooo(|JI g;i;y 3 . Zﬂll%iegsggyl F = 1231 + 699 F=20+8 N/A
Vallieres et al. 6 International _ Written food el _ _
(1989) (all female) (Canada) F=22+1 diary (3 days) 3.3 km-day F =970 + 369 F=13+4 N/A

All data are presented as mean * standard deviation. M = male swimmers. F = female swimmers; F<is/F-is = female sub-groups either aged ‘<15 years’ or “>15 years’; ep) =

swimmers diagnosed with an eating disorder. FFQ = food frequency questionnaire. N/A = insufficient data reported.



1.4 Nutritional Supplements

Nutritional supplements are justified in adolescent swimmers if they support the achievement of daily
nutrient recommendations, correct nutrient deficiencies, or enhance performance (Close et al., 2022).
At present, a wide variety of nutritional supplements are commercially available, therefore this thesis
will refer to supplements in the following sub-categories based on the descriptions of Garthe and
Maughan (2018): ‘sports supplements’ that provide a convenient source of energy and nutrients (e.g.,
high CHO or high protein drinks, bars, gels, or powders); ‘health supplements’ that are either used to
treat or avoid micronutrient deficiencies (e.g., multivitamins, iron, vitamin D); and ‘ergogenic aids’
that are natural food components but have potential to enhance performance when consumed at
heightened doses (e.g., caffeine [CAF], sodium bicarbonate [NaHCQg3], and inorganic nitrates). Other
subcategories include ‘herbal’, ‘botanical’, and ‘functional’ supplements, each of which are claimed
to promote optimal health; however, the production methods and bioactive ingredients of these
supplements are often unclear, giving rise to potential safety and doping concerns (Winterstein &

Storrs, 2001).

Prior to using any nutritional supplement, a risk-benefit analysis should be conducted (Figure 1.1).
Indeed, while many different sports, health, and ergogenic supplements are known to be safe and
effective when the appropriate ingestion strategies are followed (Maughan et al., 2018), there remains
a concern that swimmers could overlook safe practices in favour of adopting ‘just in case’ or ‘more is
better’ philosophies (Derave & Tipton, 2014). For example, swimmers who consume high doses of
health supplements (e.g., iron) could place themselves at risks of toxicity if adequate dietary intakes
are already being consumed (Marcinowska-Suchowierska et al., 2018; Mettler & Zimmermann,
2010). Similarly, high doses of ergogenic aids can induce adverse side-effects immediately before
exercise (e.g., gastrointestinal upset, anxiety, tachycardia), which could potentially induce ergolytic
effects on swimming performance (Maughan et al., 2018). A second consideration is that supplement

manufacturing conforms to less rigorous standards than the production of food and medicines,
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culminating in 10-38% of all supplements in Europe and the USA being cross-contaminated with
undeclared prohibited substances (Duiven et al., 2021; Outram & Stewart, 2015). Given that
swimmers are often considered to engage in widespread supplement use (Corrigan & Kazlauskas,
2003; Dascombe et al., 2010; Huang et al., 2006), this could increase the likelihood of adolescent
swimmers inadvertently ingesting banned substances and facing doping violations. However,
knowledge of swimmers’ current supplement behaviours is now either dated (Baylis et al., 2001), or
restricted to adult swimmers of elite status (Moreno et al., 2022; Shaw et al., 2016a). An updated
perspective on the current supplement practices of highly trained young swimmers is therefore

required to advise safe practices for the future.

Does the form of nutrient fall into one of the
supplement categories for supplements?
(Garthe & Maughan, 2018)
1 1
YES NO | 1 ikely not a supplement

v

Does the supplement have strong evidence that it
supports health or swimming performance?
1 1
YES NO g

v

Is there a reason why the desired nutrients cannot
be attained through whole foods?
1 1

YES NO o |

v

Have the ingredients been checked for prohibited
substances?
1 1
YES NO o |

v

Has the product been registered and batch-tested
for prohibited substances by a third party (e.g.,
Informed Sport)?

1 | |
YES NO 1
Consider the supplement Do not use

Figure 1.1. Decision flow chart when considering new supplements. Adapted from Close et al.

(2022).
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1.4.1 Current Supplement Practices

Early studies in Olympic athletes placed swimmers among the highest supplement users, with 56% of
swimmers using supplements at the 1996 Games, which increased to ~70% of swimmers at the 2000
Games (Corrigan & Kazlauskas, 2003; Huang et al., 2006). Although, ‘supplements’ in historical
studies were mostly defined as vitamins, minerals, and amino acids; therefore, intakes are now higher
given the emergence of sports supplements and ergogenic aids (Maughan et al., 2018). Indeed, later
reports showed that 97-99% of Australian swimmers used nutritional supplements prior to the 1998
and 2009 World Aquatic Championships (Baylis et al., 2001; Shaw et al., 2016a), albeit with an
increase in the total number (mean increase: +3.3 supplements) and types of supplements (sports: +1.8
supplements, ergogenic: +1.2 supplements) being consumed across the 11-year window (Shaw et al.,
2016Db). Along with more supplements now being available to swimmers, there is also an increased
dissemination of supplement information (or misinformation) occurring via the internet, which
appears to inform most supplement practices made by swimmers and their coaches, rather than
seeking advice from qualified nutritionists (Jovanov et al., 2019; Moreno et al., 2022). Consequently,
large supplement intakes may not be restricted to elite competitors, with national and international
swimmers in Spain both reporting an equally prevalent consumption rate (~87%); including little
differences in the total number and types of supplements being reported (Moreno et al., 2022). Given
that adolescents make up a large proportion of competitors at the national level, this suggests that
supplement use is as similarly widespread in adolescents as it is with adults; though with younger

cohorts receiving less guidance on safe practices (Dascombe et al., 2010).

The supplement use of adolescent swimmers is currently difficult to determine as this population’s
intakes have either been investigated alongside other sports (Dascombe et al., 2010), or have been
overlooked in dietary investigations (Berning et al., 1991; Collins et al., 2012; da Costa et al., 2013;
Martinez et al., 2011). Nonetheless, an early study by Hawley and Williams (1991) found that 20% of

adolescent swimmers reported using micronutrient supplements; though their use was questionable as
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the UK RNIs were already being achieved through food alone. Kabasakalis et al. (2007) also
suggested that adolescent swimmers engaged in widespread supplement use, mainly through the
consumption of iron and multivitamins (prevalence not reported). Similarly, these supplements
appeared to be misplaced as they contributed towards excessive iron, calcium, and vitamin E intakes,
all of which could have become toxic (Mettler & Zimmermann, 2010). More recently, Simi¢ and
Mohorko (2018) showed that all adolescents from the Slovenian national team used sports
supplements (CHO and electrolytes: 100%, protein: 78%), whereas 79% also utilised supplements
from the health and ergogenic categories (omega-3 fatty acids: 42%, multivitamin: 32%, creatine:
5%). These intakes suggested that current adolescent swimmers might have decreased the intake of
micronutrient supplements, while increasing the use of convenient energy and macronutrient sources;
showing a more justified use of nutritional supplements (Close et al., 2022). Sajber et al. (2019)
followed this up by showing that a high proportion of adolescent swimmers (boys: 65%, girls: 56%)
were using nutritional supplements even at the regional level, but as no further details were provided
on the supplements being used, or where they sourced their supplement information, it is currently

unclear if their practices differed from adults.

In summary, further research is warranted in adolescent swimmers at different ages and stages of
swimming development, to determine: (a) the age where prevalent supplement use begins; (b) who
informs supplement use; (c) what types of supplements are being consumed; and (d) where
supplements are being sourced from. Education to modify these factors can support practitioners to
target the appropriate stakeholders (e.g., swimmers, coaches, parents/guardians) to ensure they

approach qualified nutritionists for advice on supplement use.

1.5 Nutritional Ergogenic Aids

Nutritional ergogenic aids can promote physiological changes in the body that can provide a ~0.2-3%

improvement in exercise performance (Maughan et al., 2018). Though these overall improvements are
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small, they should be considered in the context of the fine margins involved in competitive
swimming. For example, at the 2022 Commonwealth Games, the difference between winning a gold
medal and finishing in fourth position in the men’s 200 m backstroke final was 0.51 s (0.4%).
Furthermore, where two swimmers performed very similarly in the women’s 400 m freestyle heats
(4:14.92 vs. 4:15.37, 0.2% difference), only the quicker of these times made it through to the
competition final. Therefore, for elite swimmers to optimise competition performances and maximise
their opportunities for sporting success, the use of nutritional ergogenic aids is not only justified, but

perhaps required for all events.

Whether adolescent swimmers should consume ergogenic aids is a more contested topic, given this
life phase brings growth, development, and competition experiences that are going to produce much
larger improvements in swimming performance than expected with supplements (Desbrow et al.,
2014). Therefore, upon a risk-benefit analysis, the marginal performance improvements associated
with ergogenic aids may be outweighed when comparing the risks of adverse side-effects and/or
inadvertent doping (Derave & Tipton, 2014). Many ergogenic aids are also yet to have their long-term
safety assessed during growth and development, making it currently unclear whether they may be
related to future health problems (Desbrow, 2021). However, many adolescent athletes view
ergogenic supplements as important for performance and consume them in light of the possible health
risks (Jovanov et al., 2019). It is therefore intuitive to provide this age-group with appropriate
education and advice so that swimmers and key stakeholders (coaches, parents/guardians, sport
medicine staff) can make informed choices on supplement use, rather than relying on uncredible
sources. Indeed, ergogenic aids can be used safely in this cohort when appropriate dosing strategies
and supplement sources are used. While this viewpoint is contrary to previous discouragement
(Desbrow et al., 2014; Maughan et al., 2007), it should be noted that the negative stigma surrounding
supplements may be related to steroids and other banned substances often being categorised as
‘ergogenic aids’ (Tokish et al., 2004). Moreover, the consistent discouragement of ergogenic aids has

meant that some athletes avoid the guidance of qualified nutritionists, rather than seeking it out
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(Kasper et al., 2020). Together, further research is therefore required to identify optimal ergogenic
supplement practices in highly trained adolescent swimmers, supporting this cohort to engage in safe

and effective practices rather than pushing them towards non-evidence-based advice.

At present, only five legal nutritional ergogenic aids are considered to be safe and have strong
evidence of a performance enhancing effect: creatine, beta-alanine, CAF, NaHCO3, and nitric oxide
(NO)-stimulating supplements (Maughan et al., 2018). Of these, creatine (~1-6 weeks) and beta-
alanine (~4-24 weeks) require chronic supplementation to make changes within the skeletal muscle;
increasing phosphocreatine availability and carnosine concentrations, respectively (Saunders et al.,
2017; Wax et al., 2021). Identifying a performance effect with these supplements is therefore liable to
logistical difficulties in highly trained swimmers, since the training and competitive schedules cannot
be controlled for such long periods. Indeed, each individual will complete differing training intensities
and volumes, as well as specialise in different swimming strokes; which combined has produced
equivocal performance outcomes when creatine (8-27 weeks, Peyrebrune et al., 2005; Theodorou et
al., 1999) and beta-alanine (4-12 weeks, Chung et al., 2012; de Salles Painelli et al., 2007; Mero et
al., 2013; Norberto et al., 2020) have been utilised in a swimming setting. Therefore, while the
practical applications of creatine and beta-alanine as potential training aids for swimmers have been
discussed elsewhere (Derave & Tipton, 2014; Dominguez et al., 2017; Hopwood et al., 2006), this
thesis will give further attention to CAF, NaHCOs, and NO supplements, which could all have acute

performance benefits on race day.

1.5.1 Caffeine

Caffeine is the world’s most widely used psychoactive stimulant that is regularly consumed by ~90%
of adults and ~75% of adolescents due to its presence in tea, coffee, chocolate, and soft drinks (Guest
et al., 2021; Temple et al., 2017). In terms of supplementation, CAF has been found to be the most

popular nutritional ergogenic aid used by swimmers (49-54 %; Moreno et al., 2022; Shaw et al.,
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2016a), which is is perhaps no surprise considering that CAF is associated with >3% improvements in
short-duration power output and anaerobic time-trial performances (e.g., racing), as well as 1-8%
improvements in total work output in repeated sprint exercises (e.g., training) (Maughan et al., 2018).
Moreover, additional CAF benefits appear to support fatigue tolerance, aerobic endurance, and
cognitive function, suggesting that CAF can be effective in a range of exercise tasks lasting between
1-60 min (Burke, 2008; Grgic et al., 2020; Guest et al., 2021); though it should be noted that much of
this work has not been conducted in swimming. Nonetheless, based on the prospective ergogenic
benefits, it has been suggested that CAF could be an effective supplement for swimmers who compete
in short- (50-100 m), middle- (200-400 m), and long-distance (800-1500 m) swimming events

(Grgic, 2022).

Multiple physiological mechanisms can explain the ergogenic benefits of CAF, including effects at
both the central and peripheral level. This is because, once absorbed from the gastrointestinal tract,
CAF enters the bloodstream and easily crosses the blood-brain barrier, as well as all other cellular
membranes in the body (Goldstein et al., 2010). At present, however, it is generally accepted that,
even at small doses, CAF primarily acts at the central nervous system (CNS) by challenging
adenosine for adenosine receptor binding sites; subsequently blocking adenosine actions such as
inducing sleepiness, increasing pain perception, and decreasing arousal (Davis & Green, 2009; Guest
et al., 2021). At larger doses, CAF may also stimulate the CNS to increase adrenaline and dopamine
release, both of which can act centrally to improve mood and motivation, and possibly decrease
perceived exertion and pain during exercise (Duncan et al., 2013; Smirmaul et al., 2017). It is with
this enhanced adrenaline release that peripheral mechanisms were first proposed, since adrenaline is
associated with increased fatty acid mobilisation and glycogen sparing during endurance exercise
(Graham, 2001). However, CAF has demonstrated inconsistent effects on fat oxidation rate, while
providing ergogenic effects in exercise that is not reliant on glycogen availability; therefore, this has
since been dismissed as a primary mechanism (Guest et al., 2021). Alternatively, CAF can induce

peripheral changes by enhancing calcium ion (Ca?*) mobilisation and potassium (K*) uptake in the
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skeletal muscle (via increased sodium (Na*)/K* ATPase activity) (Davis et al., 2003; Tarnopolsky,
1994); changes that could enhance excitation-contraction coupling and help sustain contractile force
while swimming (Cairns & Lindinger, 2008). Hence, when these potential synergistic benefits occur
at the central and peripheral levels, CAF is considered as one of the most reliable ergogenic aids

available to athletes.

Most research suggests that the optimal CAF dose lies within the range of 3-6 mg-kg BM?, though
this may differ on an individual basis (Guest et al., 2021; Maughan et al., 2018). Higher CAF doses
(>6 mgkg BM?) generally do not provide added performance benefits but may increase the
likelihood of experiencing side-effects (Graham & Spriet, 1995; Pasman et al., 1995), such as
gastrointestinal upset, anxiety, jitters, and insomnia (S6kmen et al., 2008); all of which could
negatively impact competition swimming performances. Alternatively, lower CAF doses (<3 mg-kg
BM?) have the potential to be ergogenic, although this is most likely to occur in swimmers who
habitually consume low CAF intakes or rarely use CAF supplements (Pickering & Kiely, 2019b). As
an example, a 60 kg swimmer with a daily CAF intake of 50 mg-day (<1 mg-kg BM*) might benefit
from a bolus 120 mg dose (2 mg-kg BM™?) prior to racing. This is thought to occur since habitually
low CAF users (<2 mg-kg BM*-day?) are less accustomed to CNS stimulation and can receive an
ergogenic benefit through central factors alone (Spriet, 2014). On the other hand, more habitual CAF
users (>3 mg-kg BM™-day™) can be less sensitive to CNS stimulation and might therefore require a
dose within the 3-6 mg-kg BM™ range to activate both central and peripheral mechanisms (Astorino
et al., 2010; Talanian & Spriet, 2016). Resultantly, swimmers of all ages should trial small CAF doses

in training first to identify a ‘minimal effective dose’.

The optimal CAF timing is currently dubious given that various sources are now available. These
include anhydrous powder, energy drinks, gels, gums, and mouth rinses; which all possess ergogenic
potential if appropriate doses are used (Wickham & Spriet, 2018). Currently, the most efficacious

approach is to ingest CAF anhydrous in capsule or solution form, as this is the most frequently used in
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research and shown to be effective when consumed 60 min before exercise (Harty et al., 2020;
Skinner et al., 2013). This ingestion window seems to allow sufficient time for CAF to leave the gut
and enter the bloodstream (~20-45 min), before being transported to the relevant sites at the CNS
(Kamimori et al., 2002). This differs from gums and mouth rinses that do not enter the stomach, with
these sources being rapidly absorbed through the oral cavity (5-15 min; Kamimori et al., 2002). As
such, these CAF sources could potentially be ingested closer to exercise when there is limited time
between races at competitions. In contrast, multiple ingredient sources (e.g., energy drinks and bars)
could delay CAF absorption from the stomach and require consumption further away from exercise
(Abuhelwa et al., 2017). Though, it is important to note that CAF timings are typically based on the
shortest timeframe to become ergogenic, and each source might instead have a long-lasting ergogenic
window owing to a CAF half-life remaining in the system for ~3-6 hours (Bell & McLellan, 2002;
Sokmen et al., 2008). However, until further research fully supports the use of alternative CAF
sources and timings, it is currently recommended that 3-6 mg-kg BM of CAF anhydrous is ingested

60 min pre-exercise to give the greatest chance of an ergogenic effect (Maughan et al., 2018).

The consumption of low-to-moderate CAF doses (<3 mg-kg BM™-day?) are currently considered to
be safe for adolescents (European Food Safety Authority [ESFA], 2015), with little evidence to
suggest these intakes are negative to long-term health or behaviour (Wikoff et al., 2017). However,
habitual CAF intakes should be considered prior to using supplements, especially in swimmers who
are smaller in size and can easily consume the 3 mg-kg BM™-day™ threshold through dietary sources.
For example, a 50 kg swimmer could ingest 2 mg-kg BM™* CAF by consuming a bar of dark chocolate
(10-50 mg) and a can of cola (50 mg), which if then followed by supplemental CAF could result in a
very large daily intake (Guest et al., 2021). Another issue is that individuals may respond very
differently to CAF ingestion, such that some swimmers might have positive experiences before racing
(e.g., alertness, concentration, well-being), whereas others might have negative side-effects that could
negate performance (e.g., anxiety, irritability, violent tendencies) (Temple, 2017). Finally, CAF can

become toxic (3—10 g), and even fatal (>10 g), if large doses are consumed (Wikoff et al., 2017).
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Though these large amounts of CAF are difficult to consume naturally though diet, it is a very
possible circumstance when using anhydrous powder (~4 g-teaspoon) and/or misinterpreting dose
calculations (g'kg BM™? rather than mg-kg BM™). For these reasons, it is important that an
appropriately qualified performance nutritionist manages the CAF supplementation of adolescent

athletes.

Despite CAF showing strong evidence as an ergogenic aid for over 30 years (Grgic et al., 2020), only
two studies have investigated the effects in adolescent swimmers. In an early study, the ingestion of
250 mg CAF (~4 mg-kg BM™) an hour before a 100 m freestyle time-trial was found to enhance the
swimming speed of regional-level adolescents (age: 17 + 2 years) when compared to a PLA (+0.04
m-s?, g = 0.82; Collomp et al., 1992). Moreover, CAF maintained swimming speed in a follow-up
100 m time-trial after 20 min passive recovery, offsetting the performance decrements that normally
occur in repeated efforts (vs. PLA: +0.06 m-s?, g = 1.23). However, as these benefits were only
observed in seven low-level swimmers with a CAF dose exceeding the ESFA (2015) safety
recommendations, it is unclear whether these effects translate to highly trained adolescents using a
minimal effective dose. Alternatively, the second study observed no performance benefits when
trained adolescent females (age: 14 + 1 years) ingested 3 mg-kg BM* CAF 30 min before a 400 m
freestyle time-trial (-3.6 s, g = 0.08) (Azizimasouleh et al., 2014). While the ~4 s (1%) improvement
might appear to show a practical significance, this was difficult to determine given that comparable
changes are expected with daily variation (Stewart & Hopkins, 2000); thus, a longer CAF ingestion
window (i.e., 60 min) was perhaps required for more noticeable performance enhancements to occur.
Thus, based on this limited and equivocal research, further investigation is required in highly trained

adolescent swimmers to elucidate optimal CAF strategies in competition.

Three studies in competitive adults suggest that CAF could be an effective ergogenic aid for short-
distance swimming events, although these should be interpreted with caution. For example, both

Vanata et al. (2014) and Lara et al. (2015) both found 3 mgkg BM?® CAF to provide a ~1%
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improvement in 50-yard (-0.2 s, g = 0.06) and 50 m (-0.3 s, g = 0.08) performances, respectively.
However, despite these results being statistically significant, it is difficult to conclude that such small
changes occurred solely through CAF ingestion, since performance times in time-trial swimming vary
by ~1.1% on a daily basis (Stewart & Hopkins, 2000). This was compounded by ‘trivial® effect sizes
(g <0.20; Cohen, 1988) in both studies, although this was potentially caused by large standard
deviations (SD) in the data due to these studies using: (a) lesser trained swimmers (Vanata et al.,
2014); or (b) various swimming strokes (Lara et al., 2015). Goods et al. (2017) followed this up by
showing a similar 0.9% performance increase (-0.4 s, g = 0.34) in an initial 75 m freestyle swim
following 3 mg-kg BM* CAF ingestion. Interestingly, this result did not reach statistical significance,
but did exceed a smallest worthwhile change (SWC = 0.2 s) and produced a ‘small’ effect size (g =
0.2-0.5); suggesting some practical significance for highly trained swimmers. Moreover, when 75 m
efforts were repeated for six bouts, an average 1.3% performance enhancement was found in the CAF
group (mean improvement: -0.5 s, g = 0.47), including five of six sprints exceeding the SWC.
Therefore, combined with the results of Collomp et al. (1992), these data suggest that CAF might be

more consistently ergogenic for single and repeated freestyle swimming in 75-100 m distances.

Currently, there is currently little research on the effects of CAF for middle- and long-distance
swimming. In a small cohort (n = 6) of international swimmers, the ingestion of 6 mg-kg BM™* CAF
45 min before exercise enhanced a 200 m freestyle time-trial by 1.1% (-1.4 s, g = 0.39) compared to
PLA (Pruscino et al., 2008). However, after 30 min recovery, a repeated 200 m time-trial performance
declined in the CAF condition (+1.5 s, g = -0.42), suggesting that 6 mg-kg BM™* CAF could be
detrimental to performance when used early in a competition. In the final CAF study, the ingestion of
6 mg-kg BM* 150 min before a 1500 m swimming time-trial enhanced performance by 1.8% (-23 s, g
= 0.59), albeit in recreational adults (Macintosh & Wright, 1995). Despite the prolonged CAF
ingestion window, a reduction in plasma K* was observed immediately prior to swimming, potentially
indicating a greater skeletal muscle uptake that could have delayed fatigue (Cairns & Lindinger, 2008;

Lihker et al., 2017). Although, it is unclear if similar peripheral mechanisms would occur in highly
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trained adolescents. Additionally, both these performance increases were observed with CAF doses
twice the ESFA safety recommendation, therefore further research is required with low-to-moderate
doses before CAF can be considered as an effective ergogenic aid for middle- and long-distance

swimming for adolescents.

While there does appear to be some evidence that CAF enhances 100-1500 m competitive swimming
performances, research has not yet considered the challenges when ingesting CAF in competition.
Firstly, research studies do not replicate the same level of pre-race anxiety that would occur at major
swimming competitions; therefore, some swimmers may experience exacerbated symptoms of
tachycardia, nervousness, and gastrointestinal upset after CAF ingestion, which could all have
negative implications for performance (Meeusen & Decroix, 2018). Secondly, CAF is known to
disrupt sleep time and quality if consumed up to six hours before bed (Drake et al., 2013). This could
be problematic at major swimming competitions that typically take place across 3—7 days, which
require maximal swimming performances to be completed in heats and finals. This often presents a
strategic trade-off for swimmers who must decide on either prioritising evening CAF ingestion for
immediate performance enhancement or avoid CAF to support sleep and recovery for the next
morning’s heats. However, there is currently no research investigating how CAF might affect the
sleep of highly trained swimmers, or to what extent evening CAF ingestion might impact next day

swimming performances, which is an area for future research.

1.5.2 Sodium Bicarbonate

Though only small amounts of NaHCOs would typically be found in the diet, the supplementation of a
large bolus dose (~15-30 g depending on body mass) is known to produce alkalotic changes in the
blood that are purported to augment buffering capacity (Maughan et al., 2018). Specifically, NaHCO3
is associated with a ~2% performance enhancement in high-intensity exercise tasks that are reliant on

anaerobic glycolysis (~30 s to 5 min) (Grgic et al., 2021), with a reduced efficacy when exercise
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durations begin to exceed 10 min (Carr et al., 2011a). Based on this possible performance impact,
approximately 21-44% of national- and international-level swimmers are currently thought utilise
NaHCOs as an ergogenic aid (Moreno et al., 2022; Shaw et al., 2016a). Given the exercise intensity
and duration that NaHCOs exerts its ergogenic potential, it is expected that supplementation would be
most efficacious in middle-distance races (i.e., 200-800 m), as well as high-intensity interval

swimming that produces large perturbations in blood acid-base balance (Grgic & Mikulic, 2022).

Though it is well established that NaHCO; has alkalotic properties that can benefit exercise
performance, the precise mechanism of action is still debated (Fitts, 2016; Westerblad, 2016). The
most researched and accepted NaHCO3; mechanism is its role as a hydrogen ion (H*) buffer during
exercise (Maughan et al., 2018). This occurs since there is an almost immediate rise in blood
bicarbonate (HCO5?) concentration following NaHCOs ingestion, subsequently increasing the pH
gradient between the intracellular and extracellular environments (Lancha Junior et al., 2015). To
establish acid-base balance, this biochemical change increases the clearance rate of lactate (La’) and
H* from the exercising muscles (Bishop et al., 2004), which is purported to delay fatigue since the
intramuscular accumulation of H* accumulation is associated with impairments to glycolytic enzyme
function (Hollidge-Horvat et al., 1999); Ca?" sensitivity and handling (Allen et al., 1992); and actin-
myosin cross-bridge cycling (Fitts, 2008). Alternatively, NaHCOs ingestion also affects the
intracellular and extracellular balance of strong ions, including chloride (CI), K*, Ca?*, and Na*
(Siegler et al., 2016); which all contribute to skeletal muscle function (Cairns & Lindinger, 2008).
Specifically, NaHCOs; might upregulate various skeletal muscle pumps and co-transporters, such as
the Na*/K*, Na*-K*-ClI', or K*/H* exchangers; thus, helping sustain strong ion balance to delay losses
in muscle excitability while swimming (Siegler & Gleadall-Siddall, 2010). However, while NaHCO3
influences ionic movements before and during exercise, this mechanism is currently under-researched
and questions whether optimal NaHCOs ingestion should be timed to maximise beneficial strong ion

shifts or peak blood HCOj3 concentrations.
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Given that NaHCO:s is largely accepted for its blood buffering capabilities, the current best practice
with supplementation is to coincide a peak blood HCOs concentration to the start of exercise
(McNaughton et al., 2016). Based on group mean averages, this would typically result in swimmers
having to ingest NaHCO3; 60—90 min pre-exercise when using a solution form (Price & Singh, 2008),
or 120-150 min pre-exercise when using capsules (Carr et al., 2011b). However, this time varies
considerably between individuals (solution: 40-125 min, Gough et al., 2017; capsules: 60-240 min;
de Oliveira et al., 2020); therefore, it is encouraged that swimmers undergo time to peak testing to
identify their individual NaHCOs absorption characteristics (McNaughton et al., 2016). Conversely,
this has view as been challenged since it has been suggested that the ergogenic effects of NaHCO3
occur once baseline blood HCO3™ concentrations are increased by >5 mmol-L? (Heibel et al., 2018).
As such, this removes the focus on specific NaHCO; timings since a long-lasting ‘ergogenic window’
is likely to be produced with capsule ingestion (~1-4 hours, de Oliveira et al., 2020; Jones et al.,
2016). To date, only one study has compared performance when NaHCO3; has been ingested at an
individualised (40-160 min pre-exercise) versus standardised time points (60 min pre-exercise),
finding a 0.5% faster (-2 s, g = 0.19) 2000 m rowing time in world-class athletes with the
individualised approach (Boegman et al., 2020). Interestingly, this improvement occurred despite both
ingestion strategies producing similar blood HCOs changes (+5.5 vs. +6.0 mmol-L), potentially
inferring that other ergogenic mechanisms take place when NaHCOs is individualised, although this

requires further research.

The optimal NaHCOs dosing strategy should also be considered based on individual tolerance, given
that common gastrointestinal side-effects might have ergolytic effects on exercise performance
(Cameron et al., 2010; Kahle et al., 2013). Gastrointestinal disturbances are caused by the dissociation
of NaHCOs in the stomach, which produces carbon dioxide and water that can subject swimmers to
stomach cramps, nausea, and diarrhoea during critical race preparations (e.g., <30 min pre-exercise)
(Grgic et al., 2021). Typically, an acute dose of 0.3 g-kg BM™ induces large increases in blood HCOs5"

while balancing the side-effects (McNaughton et al., 1992a). A singular dose at competitions is
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therefore thought to be safe for adolescents, though multi-day ingestion is questionable due to the
high Na* load (Gough et al., 2023; Robey et al., 2015). However, this dosing method has been shown
to be safe in adult athletes across five consecutive days, with blood markers of acid-base balance (e.g.,
blood Na*, HCOs', pH) and blood pressure remaining within the safety ranges (Kahle et al., 2013;
Mueller et al., 2013). Nonetheless, the 0.3 gkg BM™ dose caused severe side-effects in some
individuals, and in this scenario alternative ingestion strategies should be considered. A practical
solution is to ingest NaHCOs in capsules with a high-CHO meal, since this can negate the side-effects
by delaying absorption from the stomach (Carr et al., 2011b). A smaller (0.2 g-kg BM™) dose could
also be ergogenic while also reducing the total amount of NaHCO3 that enters the stomach, ultimately
providing a more tolerable dosing option (Gough et al., 2018b; 2022; Gurton et al., 2020). A variety
of NaHCOs; ingestion strategies should therefore be trialled in training in the first instance, to identify

an individualised dosing approach for competition.

To date, only one study has investigated the effects of NaHCO; on adolescent swimming
performance. In this study, Zajac et al. (2009) administered 0.3 g-kg BM™ NaHCO; (solution, 90 min
pre-exercise) to nationally competitive swimmers (age: 15 + 1 years) before 4 x 50 m repeated
freestyle sprints (60 s passive recovery). The outcome was a 2.1% increase in performance in the first
swimming sprint (-0.5 s, g = 0.50), which was unexpected as the short exercise timeframe and
supramaximal intensity is thought to produce a rapid rate of H* accumulation that overrun the HCO3
buffering system, even following NaHCOj3 ingestion (de Araujo Dias, 2015; Higgins et al., 2013;
McNaughton et al., 1992b). Moreover, the swimmers only displayed pre-exercise increases in blood
HCOs of +3.4 mmol-L?, a smaller increase than typically observed in adults (Gough et al., 2017), and
lower than the proposed +5-6 mmol-L* ergogenic threshold (Heibel et al., 2018). Though, as this
blood measure was taken 30 min before exercise, it is plausible that blood HCOs continued to
increase by the time exercise began. Two alternate explanations are therefore speculated to explain
this result in adolescents: (a) a greater intramuscular uptake of strong ions that enhanced excitation-

contraction coupling (Siegler et al., 2016); or (b) minor NaHCO; side-effects increased the
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expectancy of an ergogenic effect in the first bout (McClung & Collins, 2007). Since strong ions or
blinding success were not measured in this study, further research is required to elucidate how

adolescent swimmers can best utilise NaHCOs supplementation in practice.

The effects of NaHCO3; on adult swimming performance is also unclear, especially over short
distances (~60 s duration). Pierce et al. (1992) first found that collegiate swimmers performed no
differently in a 100-yard time-trial regardless of whether NaHCO; (53.6 £ 0.8 s), PLA (54.1 £ 0.9 5),
or no supplement was consumed (52.9 + 0.9 s). Although, this study did administer a lower 0.2 g-kg
BM?® NaHCOs; dose (60 min pre-exercise), which potentially did not increase blood HCO;
concentrations >5 mmol-L in all swimmers when ingested at a standardised pre-exercise time point
(Gough et al., 2017). Campos et al. (2012) and Mero et al. (2013) followed this study by also showing
no NaHCO; benefits on single-effort 100 m freestyle performances. Interestingly, the international
swimmers in these studies performed slightly worse with NaHCO3; versus PLA (+0.5 s, g =-0.20 and
+0.6 s, g = -0.24, respectively), suggesting NaHCO; does not support 100 m events in competition.
Similarly, both studies compromised their results by administering NaHCO; capsules 60 min before
exercise, whereas a window of ~120-150 min may have been required for most swimmers to reach a
peak blood HCOs concentration (Carr et al., 2011b). Alternatively, de Salles Painelli et al. (2013)
found a 3.2% improvement (-2.4 s, g = 0.40) in a 100 m freestyle performance when 0.3 g-kg BM™
NaHCOs; (solution) was ingested 90 min before exercise, although this result was found in just seven
swimmers of low training status. Nonetheless, this positive result appeared to occur when NaHCO3
was timed appropriately based on its ingestion method. Based on these results, it is currently
inconclusive whether NaHCO; improves single effort swimming of short distances (<100 m),

warranting further research with individualised dosing strategies.

Middle-distance swimming (200400 m, ~2-4 min) has the strongest potential to be enhanced by
NaHCO; supplementation (Grgic & Mikulic, 2022), though equivocal results have similarly been

observed. For example, four studies have administered a comparable NaHCOs dosing protocol (0.3
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g-kg BM1, capsules, 90 min pre-exercise) to national- and international-level swimmers, with only
Lindh et al. (2008) showing a performance enhancement for a 200 m freestyle time-trial (-1.8 s, g =
0.41). In contrast, Joyce et al. (2012) found no NaHCO;3 benefit on 200 m swimming versus PLA (-
0.8 s, g = 0.13), though the swimmers used variable swimming strokes that may have required
differing pacing strategies, and thus aerobic contributions versus freestyle alone (Pyne & Sharp,
2014). Nonetheless, Pruscino et al. (2008) also observed no significant NaHCO; effects on an initial
200 m freestyle performance, but a ‘small’ effect size might have indicated a practical significance (-
0.6 s, g = 0.20). However, this study split the NaHCO; dose across the 90 min ingestion window
(seven equally spaced doses), which failed to produce a significant increase in blood HCOj3 prior to
exercise. Finally, Kumstat et al. (2014) observed no NaHCO; effects on a 400 m freestyle time-trial,
possibly because this event requires a lower glycolytic component and is also subject to pacing
strategies (Rodriguez & Mader, 2011). It should be noted that because <10 swimmers were involved
in each study, and each study used a standardised ingestion timeframe, it is also plausible that many
swimmers in these studies did not achieve blood HCOs increases above the proposed ergogenic

threshold (>5 mmol-L*) (Heibel et al., 2018; Jones et al., 2016).

Research also suggests that NaHCO; enhances acid-base recovery between exercise bouts (Gough et
al., 2018a, 2019a), potentially supporting recovery between races at swimming competitions. Mero et
al. (2013) observed this effect between 2 x 100 m freestyle efforts, where 0.3 g-kg BM* NaHCO3
(capsules, 60 min pre-exercise) had no effect on the first bout, but offset fatigue in the second bout
compared to a PLA (-1.0 s, g = 0.34). Similarly, Pruscino et al. (2008) shown that 0.3 g-kg BM™*
NaHCOs (capsules, split across 90 min) had little benefit in an initial 200 m time-trial, yet after 30
min recovery, swimmers were able to reproduce their performance compared to the depreciating times
in the PLA group (-1.6 s, g = 0.37). These improvements likely occurred since NaHCOs capsules
were ingested close to the initial effort, allowing continued increases in blood HCOs and
intramuscular strong ion uptake to occur during the recovery periods (Siegler et al., 2016). In contrast,

Pierce et al. (1992) did not find 0.2 g-kg BM™ NaHCO; (solution, 90 min pre-exercise) to have any
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benefit towards an initial 100-yard freestyle time-trial, a follow-up 200-yard time-trial (-0.6 s, g =
0.13), or a third 200-yard time-trial using mixed strokes (+3.5 s, g = -0.23). However, as blood HCOs’
changes were not reported, it is possible that the dosing strategy did not enhance pre-exercise
concentrations for all swimmers; whereas a 20 min recovery may have been too short for acid-base
balance to fully recover between time-trials (Gough et al., 2019a). Together, this evidence suggests
that 0.3 g-kg BM* NaHCOj3 supports secondary swimming performances in competition, but perhaps
at the expense of performance in the first race. Further research is therefore required to investigate

whether individualised NaHCOjs strategies could overcome this issue.

The benefits of NaHCO; might extend beyond competition swimming and support training
performance, particularly in sets of high-intensity, repeated efforts with short rest intervals (Grgic et
al., 2021). Indeed, Gao et al. (1988) observed 0.2 g-kg BM* NaHCO; (solution, 60 min pre-exercise)
to maintain swimming speed (~1.64 m-s) across 5 x 100-yard bouts, compared to a decreased speed
in the final two bouts when consuming a PLA (~1.61 m-s™). Gough et al. (2023) recently supported
this outcome, showing 0.3 g-kg BM™ NaHCO; (solution, 60 min pre-exercise) maintained swimming
performance across 8 x 50 m efforts, resulting in faster swimming speeds compared to PLA in the
final four bouts (~0.5-1.3 s, g = 0.26-0.79). Furthermore, Siegler and Gleadall-Siddall (2010) also
found 0.3 g-kg BM* NaHCO; (solution, 150 min pre-exercise) to reduce the cumulative time to
complete 8 x 25 m freestyle efforts by 2.3% (vs. PLA: -3.8 s, g = 0.14). However, it should be noted
that all three of these studies observed ergogenic benefits in adult swimmers of collegiate or regional
training status, and not in highly trained adolescents. In contrast, Campos et al. (2012) failed to show
any benefits of 0.3 g-kg BM™ NaHCOg in international-level adults during a 6 x 100 m freestyle
swimming protocol (vs. PLA: +0.1 s, g = -0.07). Though, as this study administered NaHCOs3;
capsules 60 min before exercise, it was unlikely that these swimmers achieved a heighted blood
buffering capacity prior to exercise (Carr et al., 2011a; Jones et al., 2016). The evidence is therefore

promising regarding the use of NaHCO3 as a training aid, although further research is still needed to
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firstly translate these findings to highly trained adolescent swimmers, and secondly to ensure the

safety of NaHCOs following long-term repeated ingestion.

In summary, NaHCOs has promise as an ergogenic aid to support single and follow-up swimming
performances in competition (de Salles Painelli et al., 2013; Lindh et al., 2008; Mero et al., 2013;
Pruscino et al., 2008), as well as high-intensity interval swimming during key training sets (Gao et al.,
1988; Gough et al., 2023; Siegler & Gleadall-Siddall, 2010; Zajac et al., 2009). However, these
effects are often inconsistent with an abundance of research also suggesting that NaHCO3 has no
effect, particularly in highly trained swimmers (Campos et al., 2012; Joyce et al., 2012; Kumstat et al.,
2014; Pierce et al., 1992). The underlying reason for these differences appears to lie in timing of
NaHCOs ingestion, whereby studies have not accounted for the delay in NaHCO3 absorption in the
stomach with capsules (Carr et al., 2011b), and have not considered that each swimmer has individual
NaHCOs absorption characteristics (Gough et al., 2017; Jones et al., 2016). Moreover, no study has
currently considered whether strong ion changes could be the primary acting mechanism, and whether
timing NaHCOs; at an individualised peak in strong ion difference (SID) could be a more beneficial
ingestion strategy. Therefore, to ensure that adolescent swimmers can benefit from NaHCOs
ingestion, research must first identify whether they display individual time course changes in blood
HCOj3 and SID like adults. Following this research, ingestion strategies based on peak blood HCOs
(and potentially peak SID) should be compared versus standardised NaHCO3 ingestion, to identify
whether contemporary NaHCOj strategies can provide more consistent benefits to swimming exercise

in this cohort.

1.5.3 Nitric Oxide Supplements

Nitric oxide is a free-radical gas with an involvement in various physiological functions, such as
blood flow regulation, mitochondrial respiration, neurotransmission, and skeletal muscle contractile

function (Jones et al., 2021). It is therefore purported that enhancing NO production during exercise
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can reduce the O, cost of ATP resynthesis, lower the ATP cost of cross-bridge formation, enhance the
function of type 1l muscle fibres, and promote O delivery to the working muscles; all of which could
subsequently enhance O uptake kinetics and exercise efficiency (Affourtit et al., 2015; Bailey et al.,
2009; Jones et al., 2016). At present, the human body has two known complementary pathways in
which NO can be produced: the NO synthase (NOS) dependent pathway and the nitrate (NO3)-nitrite
(NO2)-NO reduction pathway (Figure 1.2); thus, supplement strategies that can enhance either of
these is thought to promote ergogenic benefits for prolonged submaximal exercise and/or repeated

sprint tasks over >12—-40 min durations (Maughan et al., 2018).
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Figure 1.2. The pathways of NO production. NOS = nitric oxide synthase, NO3z™ = nitrate, NO, =

nitrite, O, = oxygen. Adapted from Jones et al. (2018).

The endogenous production of NO by NOS enzymes is well defined and has been extensively
reviewed (see Bredt, 1999; Moncada & Higgs, 2003). In short, the NOS enzymes (typically referred
to endothelial, neuronal, and inducible NOS) catalyse a complex reaction through the oxidation of L-
arginine, which culminates in the production of NO and L-citrulline, with the latter then recycled back

into L-arginine in a continuous production cycle (Figure 1.2). However, this NOS-dependent pathway
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can be compromised during high-intensity exercise when O, availability is limited, and hence L-
arginine cannot continue to be oxidised at a similar rate (Jones et al., 2018). Alternatively, the
reduction of NO," to NO is enhanced in hypoxic and acidic conditions, making it the dominant NO
production pathway during exercise (Castello et al., 2006; Modin et al., 2001). Body stores of NO3’
and NO2 can be increased though the dietary intake of leafy green and root vegetables, such as
lettuce, spinach, rocket, celery, and beetroot (Hord et al., 2009); although the absolute quantity of
whole foods required to elicit this effect can be impractical prior to exercise. Resultantly,
supplemental intakes of NO-related amino acids (e.g., L-arginine and L-citrulline) and concentrated
fruit and vegetable juices (e.g., beetroot juice [BRJ]) could enhance NO availability prior to exercise,
and as such, could be considered as potential ergogenic aids for swimming performance (Bescds et

al., 2012; d’Unienville et al., 2021; Jones et al., 2021).

Beetroot juice is currently the most researched and recommended NO supplement option for athletes
(Jones et al., 2021; Rojas-Valverde et al., 2021; Zamani et al., 2021). For an ergogenic effect, it is
recommended that swimmers consume a BRJ dose consisting of 300-600 mg NOs in the 2-3 hours
prior to exercise (Maughan et al., 2018), with potentially higher doses of 600-1200 mg NOs" required
for swimmers who are highly trained and/or habitually consume high NO3™ diets (Jones et al., 2021).
Severe side-effects are not typically associated with BRJ ingestion, though susceptible swimmers
might experience nausea, gastrointestinal discomfort, and ‘beeturia’: the passing of red betacyanin
pigments that is not harmful but could be distressing (Watts et al., 1993; Wickham et al., 2018).
Furthermore, it should be noted that the recommended BRJ doses exceed the current ESFA safety
guidelines for NOs™ ingestion (<3.7 mg-kg BM?*-day™, ~240 mg for a 65 kg swimmer) (Babateen et
al., 2018). Indeed, NOs" doses above this threshold are associated with the production of carcinogenic
N-nitroso compounds, raising safety concerns with regular BRJ ingestion (Zamani et al., 2021).
However, these risks are thought to be negated when NOgs is ingested alongside antioxidants and
polyphenols, meaning the naturally occurring vitamin C, betanin, and betalain in BRJ are likely to

mitigate any future health issues (Bedale et al., 2016; Swartz et al., 2019). Together, the ingestion of
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BRJ is currently considered to be safe for consumption (Jones et al., 2018), though without long-term
evidence in adolescents, concerned swimmers and their parents/guardians might wish to consider

alternative NO supplement options.

Common L-arginine dosing strategies include ingesting 0.15 g-kg BM* (~10-11 g) 60-90 min pre-
exercise, or the chronic ingestion of 2-12 g-day™ for 4-8 weeks (Viribay et al., 2020); both of which
are not currently thought to produce adverse health effects in adults (McNeal et al., 2018; Wu et al.,
2009), but could cause gastrointestinal side-effects when ingested in bolus doses (=9 g) (Grimble,
2007). L-citrulline and/or citrulline malate (CM) could therefore be more appropriate supplement
options for swimmers, since typical dosing strategies (8-15 g, 60 min pre-exercise) are not currently
known to have any side-effects, but still enhance both plasma L-arginine and L-citrulline
concentrations (Moinard et al., 2008; Gough et al., 2021). Moreover, L-citrulline supplements are
currently thought to be safe for adolescents and are regularly used in long-term replacement therapy
for children with urea dysfunction (Papadia et al., 2018). These findings are, however, difficult to
apply to adolescent athletes who already have healthy cardiovascular and urea functioning, and as
such, further research regarding the long-term safety of L-citrulline and CM supplements in young,
healthy athletes is required. Despite this, L-citrulline clears from the system relatively quickly (~90
min) following ingestion (Moinard et al., 2008), potentially suggesting that acute doses on an

infrequent basis, such as key training sets and/or competitions, are likely to be safe in this cohort.

Research investigating the effects of BRJ on swimming performance is currently scarce, though a
recent study was conducted in nationally competitive adolescents (age: 16 + 2 years) (Moreno et al.,
2023). This study showed that BRJ (~400 mg NOs’) ingested three hours before exercise did not
improve performance across 6 x 100 m repeated freestyle time-trials, though a potential practical
significance was observed in the final bout (-1.0 s, g = 0.34). Indeed, BRJ potentially reduced
cumulative fatigue throughout the earlier bouts via an enhanced exercise economy (Jones et al., 2018),

though this could not be confirmed since no blood La  or subjective differences were observed
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compared to the PLA supplement. Similarly, regional/collegiate swimmers received no benefit from a
larger BRJ dose (~800 mg NOs’) three hours before a 168 m backstroke time-trial (-1.2 s, g = 0.13)
(Lowings et al., 2017); nor were any ergogenic effects observed in 100 m or 200 m time-trials (both
+0.1 s, g = -0.01) following a chronic BRJ dosing protocol (~500 mg-day* NOs over three days)
(Esen et al., 2019). Interestingly, these lack of performance benefits occurred despite considerable
pre-exercise increases in plasma NOy, suggesting that the NO mechanisms were active but do not
benefit maximal swimming performances lasting 1-3 min. This is perhaps expected given that
enhancing NO availability is purported to benefit exercise efficiency and O uptake kinetics; hence,
having greater potential for improving submaximal swimming performances in key aerobic training

sets (i.e., Pinna et al., 2014) and/or competitive race distances >400 m.

There is also limited research regarding the use of L-citrulline and L-arginine supplements in
swimming populations, with unclear performance outcomes to date. Hsueh et al. (2018) was the first
to investigate these supplements in competitive adolescent swimmers (age: 16 * 1 years), finding the
combined ingestion of 0.05 g-kg BM™ L-arginine, 0.05 g-kg BM* L-citrulline, and 0.09 g-kg BM™*
branched-chain amino acids an hour before an initial 50 m time-trial (mixed strokes) improved
performance by 2.8% (-0.9 s, g = 1.67). Moreover, further sprints in the second (-0.8 s, g = 0.32) and
seventh bouts (-0.9 s, g = 0.19) of the 8 x 50 m swimming protocol were also improved. However, it
is unclear by which acting mechanism this supplement improved performance, given that NO
production and urea clearance were unchanged with such low L-arginine and L-citrulline doses (~2.7
g of each supplement). This was supported by a recent study also suggesting that NO production was
not enhanced via the ingestion of either 8 g-day?® L-arginine, 8 g-day?® L-citrulline, or a PLA
supplement for eight consecutive days; ultimately resulting in no differences in 100 m or 200 m
swimming time-trials between groups (Esen et al., 2022). Though, as this study only included five
low-level swimmers per group without a crossover in supplement ingestion, it is difficult to
distinguish supplement effects versus inter-individual variances in swimming performance.

Subsequently, the ingestion of L-arginine or L-citrulline cannot be recommended as nutritional
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ergogenic aids for swimmers at present, with further research using larger doses and/or increased

sample sizes being required.

A relatively new form of NO supplement is citrulline malate (CM), which is currently gaining
attention for its ergogenic properties (Gonzalez & Trexler 2020; Varvik et al. 2021). The mechanistic
actions of CM are not well understood given its recent emergence, though three key mechanisms are
suggested. The first involves L-citrulline as a pre-cursor to NO production via the NOS pathway, and
as such, CM may increase muscle blood flow, mitochondrial efficiency, glucose uptake, and type Il
muscle contractility during exercise (Affourtit et al., 2015; Bailey et al., 2009; Jones et al., 2021). The
second mechanism is related to L-citrulline being a component in the urea cycle, which could enhance
ammonia clearance during exercise (Breuillard et al. 2015). This may be important since exercise-
induced increases in ammonia are associated with muscular fatigue by facilitating La production, and
in turn, preventing the ATP production via the aerobic utilisation of pyruvate (Gough et al. 2021). The
final mechanism concerns the addition of malate and its role as an intermediate in the tricarboxylic
acid (TCA) cycle, potentially enhancing the generation of ATP during aerobic fuel metabolism
(Bendahan et al. 2002). Thus, based on these purported mechanisms, it is intuitive to suggest that CM
would provide an ergogenic benefit to whole-body exercise with a larger aerobic component (Gough
et al., 2021), such as swimming training or middle-and-long distance swimming events (Rodriguez &

Mader, 2011).

There are currently no studies investigating the effects of CM on swimming performance, whereas
only two studies were identified that could be considered to involve aerobic exercise: time to
volitional tolerance (Tum) cycling at 90-100% peak O uptake (VOzpeak) (Cunniffe et al., 2016; Gills
et al., 2021). The first of these administered 12 g CM to well-trained cyclists an hour before exercise,
yet participants were to complete 10 x 15 s maximal cycle ergometer sprints prior to the Tym test
(Cunniffe et al., 2016). Resultantly, the carryover of fatigue may have negated aerobic performance

since there no clear differences in time to fatigue (+7 s, g = 0.12), mean power output, work
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completed, or perceived exertion between the CM and PLA conditions. In a follow-up study,
recreational cyclists ingested 8 g CM 60 min before a Ty test at 90% VOzpear, With a five min
Wingate test completed immediately afterwards (Gills et al., 2021). However, despite the aerobic
exercise being performed first, no ergogenic benefits were attained from CM ingestion (-1 s, g =
0.01). Importantly, this study only used an 8 g CM dose, whereas doses of up to 15 g may be
necessary to elicit peak plasma L-citrulline concentrations (Moinard et al., 2008). Furthermore, the
translation of performances in Ty tests to competitive sports performance is questionable, given no
competitive sport events base their outcomes on the time and distance achieved before exhaustion
(Currell & Jeukendrup, 2011; Laursen et al., 2002). Therefore, further research that investigates the

proposed aerobic mechanisms of CM is warranted.

1.6 Aims of the Thesis

e The first aim of this thesis (Chapter 3) was to observe and analyse the changes in dietary
energy, macronutrient, and micronutrient intakes of highly trained adolescent swimmers
under three distinct conditions: (a) normal training in preparation for competitions (i.e., before
COVID-19); (b) while in reduced training with no competition schedule (i.e., during the
COVID-19 lockdown); and (c) upon a return to training after a prolonged period away from
sport (i.e., after the COVID-19 lockdown). Based on previous research (Alméras et al., 1997;
Kabasakalis et al., 2007; Montenegro et al., 2017), it is hypothesised that little dietary
adaptations would be made by adolescent swimmers in response to their changing training

demands.

e The second aim of this thesis (Chapter 4) was to investigate the current dietary supplement
intakes and practices of highly trained adolescent swimmers at three distinct phases in the
swimming talent pathway: (a) developmental (aged 11-14 years); (b) age-group (aged 13-17

years); and (c) experienced national competitors (aged >16 years). It is hypothesised that
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supplement use is widespread across all swimming talent stages, albeit with a change in
reasoning, advisors, individual supplements used, and frequency of ingestion once swimmers

reach higher levels of competition (Garthe & Maughan, 2018).

The third aim of this thesis (Chapter 5) was to monitor changes in vitamin D status in highly
trained adolescent swimmers from an autumn (October) training period, until a mid-season
winter (January) training time point. This would also involve a secondary observation of
vitamin D supplement uptake by swimmers and parents/guardians who have been educated on
safe and effective supplement protocols. As per Geiker et al. (2017), it is hypothesised that
adolescent swimmers in the UK do not adhere to supplement recommendations, and thus

suffer large decreases in circulating vitamin D from the autumn to winter training periods.

The fourth aim of this thesis (Chapter 6) was to explore the effects of a minimal effective
CAF dose on the evening 100 m simulated competition performances of highly trained
adolescent swimmers, before monitoring the effects this has on perceived sleep parameters
and next day performance in a simulated 100 m morning heat. It is hypothesised that CAF
would enhance swimming performance in the evening (Collomp et al., 1992), but could

consequently hinder sleep and recovery for a repeated effort the next morning.

The fifth aim of this thesis was two-fold. Firstly, to identify the time course response in blood
HCOs and strong ions following the ingestion of 0.3 g-kg BM™* NaHCO;s in highly trained
adolescent swimmers (Chapter 7a); in which it is hypothesised that highly variable blood
acid-base responses would occur akin to adults (Gough et al., 2017; Jones et al., 2016).
Secondly, to compare whether NaHCOs; ingestion strategies timed based on: (a)
individualised time to peak blood HCOs'; or (b) group mean peak blood HCOs'; are more
effective than PLA supplements for enhancing high-intensity swimming performances

(repeated sprints) and recovery for a subsequent 200 m time-trial bout (Chapter 7b). Similar
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to Boegman et al. (2020), it is hypothesised that the individualised NaHCOj3 strategy would
enhance the possibility of achieving a pre-exercise peak in blood HCOs, subsequently

increasing performance versus standardised NaHCO3 and PLA supplements.

The final aim of this thesis (Chapter 8) was to observe whether the novel supplementation of
CM can benefit the aerobic swimming capacity of highly trained adolescents, which is
hypothesised to enhanced performance based on the proposed mechanisms appearing to align
with whole body exercise with a large aerobic component (e.g., swimming). Collectively,
these final three aims of this thesis will provide evidence for ergogenic supplement practices

to enhance support racing, training, and recovery attributes.
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Chapter 2 — General Methods
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2.1 General Project Methods

2.1.1 Ethical Considerations

All experimental studies were approved by the Health, Education, and Life Sciences Faculty
Academic Ethics Committee (Sport and Exercise) at Birmingham City University (BCU). Prospective
research participants were all aged between 11-23 years and recruited from a high-performance
swimming club, therefore safeguarding procedures were closely followed for all investigations in line
with government guidelines (Department for Digital, Culture, Media, and Sport [DCMS], 2017).
Permission of access was granted prior to each study by the head coach and gatekeeper of the
swimming club, at which point swimmers, their parents/guardians, and coaches were provided with a
full description of the study via a participant information sheet. All swimmers and parents/guardians
who verbally agreed to participate in studies were then given a minimum of 24 hours to ask any
guestions about the research before signing an informed consent form. Additionally, all swimmers
completed BCU general health screening questionnaires and medical screening forms prior to any
exercise or supplement ingestion. Throughout the entirety of this project, the Data Protection Act
2018 (DCMS, 2018) and BCU codes of practice were closely followed regarding the collection,

storage, and destroying of data for adults and children.

2.1.2 Participants

The investigated high-performance swimming club had three tiers of swimming participation. At the
highest level, swimmers were all aged >16 years; nationally competitive in open age categories; and
regularly attended selection trials for international competitions (e.g., British Swimming
Championships). These swimmers completed between 7-9 pool (volume: 50-60 km-week?) and 3-6
land-based training sessions-week™ in line with ‘elite’ swimmers in the UK (Pollock et al., 2019). The
middle tier consisted of swimmers who were all nationally competitive in their respective age groups

(aged 13-17 years), but not yet at the performance level to challenge in open age categories. All
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swimmers at this level completed between 5-8 pool (volume: 40-50 km-week™) and 2-3 land-based
training sessions-week™. The final tier consisted of developmental swimmers who were nationally
competitive in their age groups (aged 11-14 years) but were not yet at the age and/or performance
level to qualify for national competitions. These swimmers would complete 4-6 pool (volume: 20-30
km-week™) and 1-2 land-based training sessions-week™. For the remainder of this thesis, swimmers
from these three performance tiers will be referred to as ‘national’, ‘age-group’, and ‘development’
swimmers, respectively. Examples training schedules of the national swimmers involved in this thesis

can be found in Tables 2.1 and 2.2.

Table 2.1. Typical general preparatory training schedule of highly trained adolescent swimmers
between September and December.

Day Morning Training Evening Training
Monda 04:45-07:00: Al aerobic (~7000 km) 16:15-18:30: A3 aerobic (~7000 km)
y 07:15-08:00: Gym (>18 years only) 18:40-19:00: Land circuit training
Tuesda 04:45-07:00: A2 aerobic (~10,000 km) 16:15-18:30: Threshold (~7000 km)
y Selected long-distance swimmers only 18:40-19:00: Land core training
04:45-07:00: Speed (~5,000 k
Wednesday peed ( m) Rest

07:15-08:00: Gym (>18 years only)

17:30-17:50: Land circuit

Thursd Rest :
urscay e 18:00-20:30: VOumax (~9,000 km)

Friday 04:45-07:00: Al aerobic (~6500 km) 16:15-18:30: Speed (~6000 m)

05:45-08:00: Tolerance & Speed (~5500 km)

Saturday 08:15-09:00: Gym (all)

Rest

Sunday Rest Rest

A1 = skills focus, ~70% maximal heart rate, <1 mmol-L? lactate; A2 = low intensity, ~75-80% of maximal
heart rate, ~1 mmol-L* lactate; A3 = >2000 m pace, 85-90% maximal heart rate, ~3 mmol-L! lactate;
Threshold = 2000m pace, ~95% maximal heart rate, ~4 mmol-L? lactate; VOzmax = 400 m pace (medium to
low rest), maximal heart rate, ~6-8 mmol-L" lactate; Tolerance = >200 m pace (medium rest), maximal heart
rate, >8 mmol-L*! lactate; Speed = >50 m pace (maximal intensity, long rest). Training definitions adapted from
Shaw et al. (2014).

76



Table 2.2. Typical specific preparatory training schedule

between January and August.

of highly trained adolescent swimmers

Day Morning Training Evening Training
Monda 04:45-07:00: Al aerobic (~7000 km) 16:15-18:30: Threshold (~7000 km)
y 07:15-08:00: Gym (=18 years only) 18:40-19:00: Land circuit training
Tuesda 04:45-07:00: A2 aerobic (~10,000 km) 16:15-18:30: Tolerance (~7000 km)
y Selected long-distance swimmers only 18:40-19:00: Land core training
04:45-07:00: Speed (~5,000 km)
Wednesday 07:15-08:00: Gym (18 years only) Rest
17:30-17:50: Land circuit
Th Rest .
ursday & 18:00-20:30: VOomax (~9,000 km)
Friday 04:45-07:00: Al aerobic (~6500 km) 16:15-18:30: Speed (~6000 m)
05:45-08:00: Tolerance & Speed (~5500 km)
Saturday 08:15-09:00: Gym (all) Rest
Sunday Rest Rest

Al = skills focus, ~70% maximal heart rate, <1 mmol-L? lactate; A2 = low intensity, ~75-80% of maximal

heart rate, ~1 mmol-L? lactate; A3 = >2000 m pace, 85-90% maximal heart rate, ~3 mmol-L? lactate;

Threshold = 2000m pace, ~95% maximal heart rate, ~4 mmol-L? lactate; VOzmax = 400 m pace (medium to
low rest), maximal heart rate, ~6-8 mmol-L lactate; Tolerance = >200 m pace (medium rest), maximal heart
rate, >8 mmol-L lactate; Speed = >50 m pace (maximal intensity, long rest). Training definitions adapted from
Shaw et al. (2014).

Chapters 3-5 were focussed on the nutrition intakes and behaviours of highly trained adolescent
swimmers; therefore, national and age-group swimmers were considered for participation based on
their age (>13 years) and ‘highly trained’ status (i.e., nationally competitive, McKay et al., 2021).
Development swimmers only participated in Chapter 4 as a comparison group regarding their
supplement intakes. The latter chapters of this thesis (Chapters 6-8) focussed on ergogenic aids,
hence only national and selected age-group swimmers (aged >16 years, nationally competitive) were
recruited for these studies. More detailed descriptions of research participants and inclusion/exclusion

criteria can be found within each specific chapter.
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2.1.3 Experimental Design

A descriptive and cross-sectional design was used to investigate the nutrition intakes (Chapter 3),
supplement practices (Chapter 4), and changes in vitamin D status (Chapter 5) of highly trained
adolescent swimmers. All data were obtained by the same researcher, who was a qualified (MSc) and
registered (SENr) performance nutritionist. Chapters 6-8 were all experimental trials that were
conducted at the same swimming facilities in the West Midlands, UK (25 m pool). Each study was
PLA-controlled with a repeated measures design, with the order of trials counterbalanced and
randomised using a block randomisation method. Supplements were also double blinded from the
researcher and swimmers for Chapters 6 and 8. A single-blind method used in Chapters 7a and 7b due
to the researcher conducting time to peak blood HCO5 testing with each swimmer, and thus knowing
the NaHCOs; ingestion timings. All experimental trials were structured into the swimmers’ training
routines, to be completed on the same day of the week, at the same time of day, and seven days apart.
This approach was chosen to reduce the effects of confounding variables, such as differences in sleep,
training stress, nutrient timings, and circadian rhythms that may occur across the training week (Drust

et al., 2005).

2.1.4 Pre-Experiment Screening and Procedures

For Chapters 6-8, swimmers were requested to follow their habitual pre-training or pre-competition
nutrition intakes prior to exercise, albeit with the avoidance of acute ergogenic supplements during the
experimental period. These instructions were given for two reasons: (a) to increase external validity
(Shaw et al., 2014); and (b) to potentially reduce the severity of gastrointestinal side-effects (Carr et
al., 2011b). Swimmers were requested to send a photograph of all food, fluid, and supplement items
consumed to the researcher 24 hours prior to familiarisation trials in each chapter (for full instructions
see section 2.2.2). This information was used to calculate energy, macronutrient, and fluid intakes by
the lead researcher, with the original photographs then re-sent to swimmers to facilitate dietary

replication for experimental trials. Swimmers who were co-ingesting creatine and/or beta-alanine
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were permitted to participate in studies if supplementation had been consistent for more than 24
weeks. This was firstly to account for these supplements being present in the diets of highly trained
swimmers in practice (Moreno et al., 2022; Shaw et al., 2016a), and secondly because the largest
physiological adaptations with these supplements would have already taken place (Chung et al., 2012;
Peyrebrune et al., 2005). Though it is plausible that these supplements may have reduced the possible
window to observe ergogenic effects, this was replicable to applied practice, and thus any acute
performance changes observed within Chapters 6-8 were likely to have occurred due to the ingestion
of the experimental supplements. A minimum of seven days separated experimental trials in each
chapter, which was used as an adequate washout period for NaHCO; (Siegler et al., 2010) and CM
(Gough et al., 2021) supplements, whereas swimmers abstained from CAF for at least 12 hours prior
to any experimental trials (Graham, 2001). None of the swimmers reported habitually using acute
ergogenic aids for training purposes, including reporting negligible habitual CAF uses (see Chapter 3,

section 3.3.7 and Chapter 6, section 6.2.2).

Most swimmers and their parents/guardians were receiving sport nutrition support from the lead
researcher throughout each investigation, which was embedded into their daily routines by their high-
performance swimming club. National swimmers received individual support via nutrition
consultations, body composition analysis, competition planning, and advice regarding ergogenic
supplementation. Both national and age-group swimmers received classroom-based group education
workshops (i.e., Foo et al., 2021), were given regular nutritional prompts via mobile group
communication (WhatsApp, Menlo Park, USA), and had access to electronic PDF and presentation
resources (Google Drive, Mountain View, USA). The researcher did not directly engage with
development swimmers, but the parents/guardians of all three training groups received access to the
online resources and could communicate with the researcher via mobile group communication. The
level and frequency of individual support provided to swimmers and parents/guardians was

determined by their engagement with the provisions.
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2.2 General Experimental Procedures

2.2.1 Participant Anthropometric and Training Characteristics

Body mass and height were determined in each study using electronic scales (Seca 813, Hamburg,
Germany) and a stadiometer (Seca 213, Hamburg, Germany), respectively. These measures were
taken at the same time of day while swimmers were wearing their training costumes. The training
records of each swimmer were kept by their respective swimming coaches, which were used to give a
description of training time (i.e., hours-week™) and volume (i.e., km-week™) within each experimental
chapter. This was cross-referenced with the swimmers individually, where they were also asked to
self-report any additional training outside of the swimming environment (e.g., land-based or other
sports). The swimmers’ training status was also indicated in each chapter by displaying their mean
World Aquatics (WA) points. These were presented for the swimmers’ best swimming event in
Chapters 3, 4, 5, and 7a, while the WA points for the swimming event that best represented the
experimental exercise was displayed in Chapters 6, 7b, and 8. The use of WA points enables a
comparison of swimming performance across different events, such that points closer to 1000 (the
world-record) indicate a world-class performance (WA, 2023). The points are calculated using the

following equation (Equation 1).

(1) WA points = 1000 x (world-record time (s) / swim time (s))?

2.2.2 Dietary Assessments

Dietary intakes were assessed using a mobile-based photographed food diary in line with previously
validated methods in highly trained adolescent athletes from the UK (Costello et al., 2017). Each
swimmer was requested to take two photographs of every food, fluid, and supplement item consumed

over a 24-hour period; where the first image displayed the meal before it was started, and the second
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showed the remaining food and fluids that had not been consumed. If the meal was consumed in its
entirety, then a photograph was still requested as confirmation. To standardise food and fluid portions,
swimmers were provided with a paper 1 x 1 cm grid placemat to include with each food photograph,
whereas measurement shakers were used for poured fluids (Nystrém et al., 2016). Photographs were
sent immediately to the lead researcher in real-time using a picture messaging smartphone application
(WhatsApp, Mountain View, CA, USA). Further details were also requested regarding the brand of
product, cooking methods, and a clear description of the items in each meal using either text or voice
recordings. For unsatisfactory contributions, swimmers were immediately contacted asking for further
clarification. In Chapter 3, this process was completed across three days, including two training days
and one rest day, as this process provides accurate estimations of habitual energy and macronutrient
consumption (Burke, 2015). While longer duration food diaries are thought to increase the reliability
of the collected data, this generally comes at the cost of greater participant burden and reduced
compliance, and/or deliberate alterations in eating behaviour to simplify the recording process
(Magkos & Yannakoulia, 2003). Chapters 6-8 only required this process to be completed during the
familiarisation trial, to standardise energy and macronutrient consumption for all subsequent

experimental trials.

All images and information collected as part of dietary assessments were inputted into dietary analysis
software (Nutritics 3.06, Dublin, Ireland) for each swimmer by the lead researcher. Food items that
were not available in the Nutritics database were manually inputted using information from the
packaging label. This process gave a detailed description of the energy and macronutrient content of
the food, fluid, and supplement items consumed, as well as further information regarding
micronutrient intakes (e.g., calcium, iron, vitamin D), CHO and lipid components (e.g., fibre,
saturated fats), and habitual CAF consumption. In Chapter 3, the mean intakes across the three-day
collection window were used to estimate the swimmers’ typical daily nutrition intakes as per previous
recommendations (Costello et al., 2017). All nutrients were reported in absolute values, with energy,

macronutrients, and CAF further presented relative to body mass to standardise intakes between
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swimmers. A small pilot study showed that the lead researcher had an ‘excellent’ intra-rater reliability

and validity for the analysis of energy and macronutrient intakes (see Chapter 3, section 3.2.3).

2.2.3 Supplement Questionnaire

In Chapter 4, the lead researcher conducted a short interview (~10-15 min) with swimmers based on
the questions of a validated supplement intake questionnaire (Sanchez-Oliver, 2012), which has
recently been used to assess the supplement intakes of swimmers from both pool (Moreno et al.,
2022) and open water disciplines (Jiménez-Alfageme et al., 2022). The interview method was adapted
from an online questionnaire due to its logistical ease in adolescent swimmers, as it enabled the
researcher to instantly clarify questions and ask for more information if answers were unclear. The
researcher also provided a comprehensive list of supplements and was able to explain each one in
further detail to facilitate the recall of supplement intakes. Furthermore, some adolescents did not
have access to their own mobile devices, therefore this method enabled swimmers to give honest
answers without being influenced by parents/guardians or coaches. The questions asked were as
follows: (a) what supplements have you consumed; (b) for what purpose did you consume that
supplement; (c) who or where did you receive information about that supplement; (d) how frequently
would that supplement be consumed; and (e) from where was that supplement purchased? Swimmers
were asked to detail the supplements they consumed in the last 12 months as per previous research

(Moreno et al., 2022; Shaw et al., 2016a).

2.2.4 Vitamin D Measurements

Blood spot cards were used to determine serum 25(OH)D concentrations in Chapter 5 due to their
close agreement (r = 0.74-0.97), yet less invasive procedures compared to venepuncture methods
(Binks et al., 2021; Heath et al., 2014; Man et al., 2019; Zakaria et al., 2020). The collection process

required four fingertip capillary blood drops (~50-75 pL), which were spotted onto a filter paper at
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four equally spaced targets to allow for radial dispersion. All blood collection occurred as the
swimmers arrived at their normal swimming training, therefore cards were sealed and allowed to dry
at room temperature for between 2—3 hours until the end of the training session. Samples were then
posted to an independent laboratory (Sandwell & West Birmingham Hospitals NHS Trust,
Birmingham, UK) where they were analysed by liquid chromatography-tandem mass spectrometry
(LC-MS/MS) within 7-14 days. This process was completed twice per participant to identify any
seasonal changes in vitamin D status. These were completed at mid-season training phases in the

autumn (October) and winter (January).

2.2.5 Blood Metabolites

Capillary blood samples were conducted to provide physiological measures of exercise intensity (i.e.,
blood La, Chapters 6-8) and acid-base balance (Chapters 7a and 7b). Blood for these samples were
drawn from the fingertip using a disposable lancing device (AccuCheck Safe-T-Pro, Indianapolis,
USA). For the determination of blood La" concentration, a 5 uL sample was collected into a Lactate
Pro 2 device (Arkray, Kyoto, Japan) and analysed within 15 s. These devices have been shown to be
valid and reliable for identifying blood La concentrations at rest, at La threshold, and during
maximal intensity exercise when devices are used interchangeably (Bonaventura et al., 2015; Crotty et
al., 2021). The determination of blood acid-base variables required the collection of 70 uL of blood
into a sodium heparinized clinitube (Radiometer Medical, Denmark), which was then inserted into a
blood gas analyser (ABL9, Radiometer Medical, Denmark) for the analysis of blood HCO3', pH, and
electrolyte (Na*, K*, Ca?*, CI) concentrations. The blood gas analyser used in this thesis has been
found to be reliable for the above parameters and valid against other commercially available devices
(Gough et al., 2017; Radiometer Medical, 2019; Stadlbauer et al., 2011). Together, this combined
collection of blood La and electrolytes was used to calculate the apparent SID using a freely available
spreadsheet (i.e., K* + Na* + Ca?" - ClI" - La’; Lloyd, 2004). This method has displayed an ‘excellent’

correlation (r = 0.98) for predicted SID versus the observed SID in past research (Figge et al., 1991).
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Furthermore, this method of calculating the apparent SID has been used in similar research that has

investigated strong ion changes following NaHCO3 ingestion (Gough et al., 2019a, 2019b).

2.2.6 Blood Pressure

An automated sphygmomanometer (Boso-Medicus Uno, Bosch & Sohn, Gerlingen, Germany) was
used to collect three samples of systolic (SBP) and diastolic blood pressure (DBP) from the brachial
artery in Chapter 8, based on the premise that CM could enhance blood flow and reduce blood
pressure during exercise (Barkhidarian et al., 2019; Gough et al., 2021). The mean of three blood
pressure readings was used as the physiological measures of SPB and DBP, with all three
measurements taken immediately after one another due to the time sensitivity of results. This method
was consistent with past research investigating blood pressure changes with NO (Vanhatalo et al.,

2010) and L-citrulline supplements (Bailey et al., 2015).

2.3 Perceptual Measures

2.3.1 Ratings of Perceived Exertion

Ratings of perceived exertion (RPE) for the whole body were recorded as a subjective measure of
effort using a CR10 Borg scale during all exercise trials (Chapters 6, 7b, 8), where 1 represented ‘no
exertion’, and 10 represented ‘maximal exertion’ (Borg, 1998). This CR10 RPE scale was selected

since this was routinely used to set exercise intensities in the swimmers’ normal swimming training.

2.3.2 Supplement Side-Effects

Since there was a possibility of adverse side-effects with the ingestion of CAF (S6kmen et al., 2008)

and NaHCO; (Carr et al., 2011b), swimmers were asked to rate their subjective symptoms in Chapters
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6, 7a, and 7b. These were measured using a visual analogue scale (VAS), with the scale anchored at
each end of a 20 cm line with ‘no symptom” on the left side and ‘severe symptom’ on the right side.
This use of a VAS to quantify subjective side-effects, such as stomach discomfort and abdominal
pain, has previously shown to be reliable (r = 0.98-0.99) in past research (Bahreini et al., 2015;
Gallagher et al., 2002). In Chapters 7a and 7b, nine gastrointestinal symptoms were measured
consistent with previous NaHCO; research (Cameron et al., 2010; Gough et al., 2017): nausea,
flatulence, stomach cramping, belching, stomach ache, bowel urgency, diarrhoea, vomiting and
stomach bloating. For Chapter 6, this scale was adapted to capture the subjective side-effects more
commonly associated with CAF, including both physical (jitters, tachycardia, headache, stomach
upset) and psychological symptoms (mood, alertness, tiredness, anxiety, arousal) (S6kmen et al.,
2008). This approach was not used in Chapter 8 as there are currently no known side-effects following
CM ingestion (Gough et al., 2021). Swimmers in this study were therefore asked document any

physical or psychological symptoms throughout the investigation, in which none were reported.

Symptom severity was scored by swimmers by drawing a line between the two anchors on the VAS,
which was then measured to the nearest millimetre and divided by 20 to give an arbitrary score out of
10 (e.g., 75 mm = 3.8 out of 10 rating). Scores closer to ‘0’ represented none or minor symptoms,
whereas scores closer to ‘10 suggested that symptoms were severe. Each experimental chapter
describes the time intervals that each VAS was completed. In Chapter 6, CAF side-effects were
calculated and reported at standardised time points for a direct comparison versus a PLA condition. In
Chapters 7a and 7b, the most common and severe NaHCO3 side-effects were reported due to the
different ingestion timeframes between individuals. Furthermore, an aggregated score for
gastrointestinal distress was also calculated and reported in Chapters 7a and 7b, such that the peak
severity of all nine subjective side-effects were added together and reported. Swimmers were aware
that they could voluntarily withdraw from studies at any time should they experience severe side-

effects.
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2.3.3 Subjective Sleep

Subjective sleep parameters were reported by swimmers in Chapter 6 to evaluate possible CAF
effects. All swimmers were requested to follow their normal sleeping routines, environments, and
timings throughout the investigation. Each morning upon waking, swimmers completed the Core
Consensus Sleep Diary (CCSD), which is a validated tool for assessing self-reported sleep parameters
(Carney et al., 2012; Maich et al., 2018). For logistical ease, the CCSD was adapted into a virtual
questionnaire (Google Forms, Google, Mountain View, CA, USA) and distributed to swimmers
through an instant messaging application (WhatsApp, Menlo Park, CA, USA). The questionnaire
consisted of one 5-point Likert scale (1 = very poor, 5 = very good) for sleep quality, and six short-
answer guestions for sleep parameters: (a) what time did you physically get into bed; (b) what time
did you intend to fall asleep; (c) what time did you think you actually fell asleep; (d) how long do you
think you were awake in the night; (e) what time did you awake this morning; and (f) what time did
you physically get out of bed? Moreover, this information was used to calculate the following
variables: total sleep time; total time spent in bed; and sleep efficiency (i.e., total time in bed divided
by total sleep time); in accordance with previous research in highly trained adolescent athletes
(Ramirez et al., 2020). Answers to the questionnaires were followed up with swimmers while they

prepared for experimental exercise to confirm the accuracy of the reported variables.

2.4 Exercise Protocols

2.4.1 Warm-Up

All swimmers completed a two-part warm-up prior to exercise, which were recorded and repeated for
all subsequent trials in Chapters 6, 7b and 8. The first part of each warm-up took place poolside,
where the swimmers self-prepared with land-based activity for 10-20 min. Though individual routines
varied, warm-ups typically involved skipping (3-5 min), full body mobility (5-10 min), and

bodyweight strength exercises (3-5 min). The swimmers then entered the swimming pool and
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completed a 20-30 min warm-up that was prepared by the head swimming coach. Similarly, warm-

ups varied between chapters, but typically involved ~1000 m of progressive intensity swimming.

2.4.2 Swimming Time-Trials

Swimming time-trials were used in this thesis to mimic a competition scenario, therefore measuring
the effectiveness of acute CAF (Chapter 6) and NaHCOs (Chapter 7b) ingestion in practice. For
Chapter 6, swimmers were to complete 100 m time-trials in their specialist strokes since this: (a)
enabled a maximal effort to be given; and (b) did not logistically interfere with the swimmers’
training for key competitions. The time-trial distance was selected based on previous research
demonstrating that CAF enhanced the 100 m swimming performances of trained adolescents
(Collomp et al., 1992). All time-trials were completed during an evening training session (7:00 PM)
with a repeated bout completed the following morning (6:00 AM) in an attempt to mimic the time
between evening finals and morning heats in competition. Chapter 7b involved the completion of a
200 m freestyle time-trial, which was selected as all participating swimmers in this chapter were
proficient in the freestyle stroke. Moreover, maximal 200 m distance were within the exercise
intensity and duration (~2 min) thought to benefit from NaHCQO; ingestion (Grgic & Mikulic, 2022).
Time-trials in this chapter were completed following an intermittent swimming protocol to measure
the possible NaHCO; benefits on acid-base balance recovery. A 30 min active recovery window was
selected consistent with Pruscino et al. (2008), who observed this recovery period to support a
secondary 200 m freestyle performance following NaHCO; ingestion. To maximise competitiveness,
all time-trials were performed in groups of 2-4 swimmers based upon their personal best times. All
warm-ups, heats, and lanes were replicated for all time-trials. Swimming was timed by two
experienced swimming coaches and the mean of both times was used as the performance measure. All
time-trials were conducted between January and July as part ‘speed’ training within the specific

preparatory period (Table 2.1).
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2.4.3 Repeated Swimming Bouts

Repeated swimming bouts were used to induce the physiological states that were thought to benefit
from NaHCO; (Chapter 7b) and CM (Chapter 8) ingestion. In Chapter 7b, all swimmers completed 6
X 75 m maximal swimming efforts in their specialist stroke, with each swimming bout occurring at
150 s intervals (~40-60 s exercise, ~90-110 s passive recovery). This was similar to previous
swimming tests where NaHCO; has showed ergogenic potential (Gao et al., 1988; Gough et al.,
2023). This swimming test was incorporated into the ‘speed’ training of the highly trained swimmers
between April and July, as part of their specific preparatory training cycle (Table 2.2). For Chapter 8,
all swimmers completed a 6 x 300 m freestyle swimming test where each exercise bout commenced at
4.5 min intervals (~3.5 min exercise, ~1 min passive recovery). This aerobic swimming test was
utilised within the general preparatory training phase between September and December (Table 2.1).
As both these swimming tests were commonly used in the investigated swimming club, previous data
was analysed that showed that the current cohorts had an ‘excellent’ reproducibility of their
performances (see sections 7a.2.5 and 8.2.4, respectively). Mean swimming times, the aggregated
time to complete all swimming bouts, and the time to complete each individual swimming bout were
analysed for performance effects. All swimming lanes were also kept consistent for each swimming
test, and the mean of two swimming times recorded by experienced coaches were used as the

performance measures.

2.4.4 Ingestion of Experimental and Placebo Supplements

Supplements in Chapter 6 were administered in a single hydroxypropyl methylcellulose capsule (size
00, Bulk Powders, Colchester, UK), consisting of either 3 mg-kg BM* CAF (anhydrous powder, Bulk
Powders, Colchester, UK) or a visually matched PLA (cornflour, ASDA, Leeds, UK). Capsules were
created and randomised by a sport and exercise technician to maintain the double-blind status. All
capsules were administered to swimmers by the lead researcher 60 min prior to exercise in accordance

with recommended dosing strategies (Maughan et al., 2018).
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In Chapters 7a and 7b, the swimmers’ personal blood HCOs™ Kinetics were monitored to provide a
personalised ingestion strategy. All swimmers were requested to consume their normal ‘pre-
competition’ meal 30-60 min prior to ingesting 0.3 g-kg BM™* NaHCO; (bicarbonate of soda, Dr.
Oetker, Bielefeld, Germany), which were administered in gelatine capsules in Chapter 7a (Size 0,
Bulk Powders, Colchester, UK), and hydroxypropyl methylcellulose capsules in Chapter 7b (size 00,
Bulk Powders, Colchester, UK), due to the capsule availability at those times. The dietary and capsule
ingestion methods were chosen firstly, to replicate the gastrointestinal conditions that would be
present when NaHCO; is ingested in practice (Remer & Manz, 1995); and secondly, to reduce the
possibility of the swimmers experiencing severe gastrointestinal side-effects (Carr et al., 2011b).
Chapter 7a describes the methods used to determine individualised time to peak HCOs". In Chapter
7b, this process was used to inform individualised NaHCO; strategies based on the time each
swimmer demonstrated a peak blood HCOs™ concentration, whereas the standardised strategy involved
ingesting NaHCO3; 150 min before exercise based on group mean blood HCOs peaks with capsule
ingestion (Carr et al., 2011b; Jones et al., 2016). A PLA supplement that was matched for Na* content
(0.21 g'kg BM* sodium chloride, ASDA, Leeds, UK) and capsule volume (added cornflour, ASDA,
Leeds, UK) was ingested 90 min pre-exercise. Swimmers were not aware of their individual NaHCO;
timings and were told the study was investigating the effects of three different NaHCO3 timings to

maintain their single-blind status.

For Chapter 8, an experimental solution of 15 g CM (100% CM, Myprotein, Manchester, UK) in 100
mL orange cordial (Sainsbury’s, London, UK) and 300 mL water was ingested 60 min before
exercise. The supplement ingestion timing was in accordance with previous research (Gough et al.,
2021); however, a larger CM dose was used (vs. the typical 8-12 g) since this strategy elicits greater
plasma L-citrulline responses without any adverse side-effects (Moinard et al., 2008). A PLA
supplement consisting of 400 mL orange cordial (Sainsbury’s, London, UK) was also ingested, which

was consistent with previously used protocols (Cunniffe et al., 2016). None of the swimmers had any
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prior experience of consuming CM supplements. All drinks were created and randomised by a sport
and exercise technician and were administered to swimmers in opaque sports bottles to ensure

blinding from the researcher and swimmers.

2.4.5 Supplement Belief

A supplement belief questionnaire was administered in Chapters 6, 7b, and 8 to confirm that the
swimmers were successfully blinded of supplement condition. At the end of each experimental trial,
swimmers were asked how confidently they could determine their supplement condition using a 1-5
Likert scale, with 1 representing ‘not confident at all’, and 5 representing ‘extremely confident’. If
participants scored above a three, they were then asked which supplement they perceived they had

ingested.

2.5 General Statistical Procedures

2.5.1 Prior Statistical Tests

A priori power calculations were used to determine appropriate sample sizes in each chapter using a
difference in means approach (G*Power, v.3.1.9.4, Universitidt Disseldorf, Germany). The input

parameters and recommended sample sizes are presented in each experimental chapter.

2.5.2 Differences Procedure

All data were analysed for normality and homogeneity of variance/sphericity using Shapiro-Wilk and
Mauchly tests, respectively. If data was normally distributed then parametric tests were completed,
either through conducting t-tests (two groups) or repeated measures analysis of variance (ANOVA)
tests (three groups). If sphericity was violated, then degrees of freedom and p values were adjusted

using the appropriate Huyn-Feldt (epsilon value >0.75) or Greenhouse-Geiser (epsilon value <0.75)
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corrections. A violation was identified if a statistical value of p <0.05 was identified in Mauchly tests.
Where main effects or interactions were observed, partial eta squared (Pn?) effect sizes were reported
and post hoc pairwise comparisons were determined via the Bonferroni correction. Effect sizes for Pn?
were interpreted as ‘small’ (0.01-0.05), ‘moderate’ (0.06-0.13), and ‘large’ (>0.14) (Cohen, 1988).
Effect sizes for pairwise comparisons were calculated using the Hedge’s g bias correction, which
accounted for the bias in Cohen’s d with small (n <20) participant samples (Lakens, 2013). These
effect sizes (g) were considered to be ‘trivial’ (<0.19), ‘small’ (0.20-0.49), ‘moderate’ (0.50-0.79), or
‘large’ (>0.80), in accordance with Cohen’s d interpretations (Cohen, 1988). If data normality was
violated, appropriate non-parametric tests were used. In Chapter 4, this entailed the use of Kruskal-
Wallis tests to analyse group level differences between three training groups, whereas Mann-Whitney
U tests were used to analyse pairwise comparisons. All data are presented as mean + SD, and

statistical significance was set at p <0.05 for all statistical tests (SPSS, v.25, IBM, Chicago, IL, USA).

For supplemental effects, a SWC in exercise tests was calculated by either multiplying the SD of the
PLA group (Chapters 5 and 6) or a prior data set (Chapters 7b and 8) by 0.2, in accordance with
Bernards et al. (2017). The SWC was used to give additional information regarding individual
responses to supplementation (positive or negative), as such important, yet small, individual changes

can often be masked by group mean changes (Bernards et al., 2017).

In Chapter 4, an interview technique was used to collect questionnaire data as outlined in section
2.2.4. These questions were asked to three groups of swimmers (national, age-group, and
development), with the frequency distribution of answers compared between groups using Pearson’s
Chi-Square (y°) tests. These data are presented in the thesis as percentages, with Cramer’s V effect
sizes calculated between the differences in frequency distributions. Cramer’s V effect sizes were
interpreted as ‘trivial’ (<0.04), ‘weak’ (0.05-0.09), ‘moderate’ (0.10-0.14), ‘strong’ (0.15-0.24), and
‘very strong’ (>0.25) (Akoglu, 2018). These statistical tests were carried out in SPSS (v.25, IBM,
Chicago, IL, USA).
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2.5.3 Reliability Procedures

Throughout the thesis, intraclass correlation coefficient (ICC) analyses were used to determine the
test-retest reliability of exercise protocols (Chapters 6-8) and intra-rater reliability of food diary
analyses (Chapter 3). The protocols that were used were in accordance with previous guidelines
(Hallgren, 2012; Koo & Li, 2016), such that a two-way mixed effects model for absolute agreement
was employed to measure test-retest reliability, whereas a two-way mixed effects model for
consistency was used to measure intra-rater reliability. Significance value (p) and r value are reported,
with the latter interpreted as ‘poor’ (<0.49), ‘moderate’ (0.50-0.74), ‘good’ (0.75-0.89), or ‘excellent’
(>0.90) (Koo & Li, 2016). The ICC method for assessing reliability is considered to be stronger than
Bland-Altman plots and Pearson’s correlation coefficient since it reflects both correlation and
agreement between measurements (Koo & Li, 2016). In addition to these statistics, coefficient of
variation (CV) was also calculated and reported to show inter-individual differences in each chapter.
This was performed by dividing the SD of the data by the mean and multiplying by 100 (Atkinson &

Nevill, 1998).

2.5.4 Missing Data

On rare occasions, either through equipment or operator error, hot deck imputation was used to
estimate the missing values of electrolyte data (Chapters 7a and 7b). This was considered a valid
approach when only 1-5% of data is missing in experiments (Myers, 2011), and prevented the listwise
deletion of complete participant data sets. Missing values were estimated using observations from
similar swimmers, or where possible, from previous observations in the same swimmer in accordance

with previously used protocols (Schafer & Graham, 2002).
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Chapter 3 — Nutritional Intakes of Highly
Trained Adolescent Swimmers Before, During,
and After a Lockdown During the COVID-19

Pandemic

Chapter can be found at: Newbury, J.W., Foo, W.L., Cole, M., Kelly, A.L., Chessor, R.J., Sparks,
S.A., Faghy, M.A., Gough, H.C. and Gough, L.A. (2022). Nutritional intakes of highly trained
adolescent swimmers before, during, and after a national lockdown in the COVID-19 pandemic. PLoS

One, 17(4), pp.e0266238. Available at: https://doi.org/10.1371/journal.pone.0266238.
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3.1 Introduction

In late 2019, a novel strain of coronavirus (SARS-CoV-2) was identified that was responsible for the
disease known as COVID-19, which has potential to cause severe respiratory distress in infected
individuals (Zu et al., 2020). In January 2020, COVID-19 spread rapidly through infected aerosols
and droplets produced when coughing, speaking, and breathing (Samet et al., 2021); leading to 763
million cases and 6.9 million deaths worldwide as of April 2023 (World Health Organisation, 2023).
To reduce the spread, the UK Government imposed strict social distancing rules effective between
March 2020 and May 2021, including three national lockdowns (March to July 2020, November to
December 2020, January to April 2021) that each prohibited non-essential travel and activities
(Institute for Government, 2022). Such measures forced all sporting competitions at the local (e.g.,
school sports), national (e.g., British Championships), and international levels (e.g., Olympic Games)
to be either cancelled or postponed, whereas the closure of all schools and leisure centres meant most
adolescent athletes did not have access to training facilities (Kelly et al., 2020). This particularly
affected highly trained swimming populations whose large pool-based training volumes were unable

to be replicated or substituted when at home in isolation (Haddad et al., 2021).

The large-scale disruptions to training caused by COVID-19 were likely to have affected the health
and performances of highly trained swimmers, given that national- and international-level swimmers
typically engage in 8-10 weekly pool training sessions, swimming approximately 40-60 km-week™
(Pollock et al., 2019; Shaw et al., 2014; Trindade et al., 2017). Moreover, most swimmers will also
engage in 3-5 weekly strength and conditioning sessions, often cumulating in a total training time
exceeding 20 hours-week™ (Pollock et al., 2019; Simi¢ & Mohorko, 2018). During lockdowns,
however, access to equipment and pool facilities were restricted, limiting the quality and quantity of
training sessions. Indeed, athletes reported that their average lockdown training routines largely
consisted of land-based cardiovascular and bodyweight strength exercises, which were only

completed at moderate intensities for 30-60 min-day™® (Pillay et al., 2020). While this reported
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training information was not specific to swimmers as such, it is likely that swimmers followed these
practices given their limited training options. It was therefore expected that swimmers would engage
in largely reduced training loads compared to normal, and thus declines in muscle mass and technical
conditioning were expected when lockdown conditions lasted for longer than 2—4 weeks (Jukic et al.,
2020). In addition, a reduction in training hours would have certainly lowered DEE, possibly resulting
in body fat accretion if DEI was not altered to match the new training demands (Alméras et al., 1997;
Mujika et al., 2014). Considering that decreases in muscle mass and increases in body fat mass could
negatively affect swimming performance (Dopsaj et al., 2020), it was critical that highly trained
adolescent swimmers could quickly and appropriately adjust their nutritional intakes throughout the

COVID-19 pandemic.

There is currently no evidence to suggest how swimmers adapt their nutrition in response to a
lockdown situation, though examples from other sports have been reported. In elite paracyclists, no
changes in the energy, macronutrient, or micronutrient intakes were observed during lockdown,
despite the athletes reporting an increased sedentary behaviour (e.g., screen time) (Shaw et al., 2021).
Nonetheless, these athletes were able to maintain their normal training volume and intensity despite
home confinement, therefore large alterations in dietary intakes may not have been required. In rugby
players, however, a reduced weekly number of training sessions was reported, which were completed
with less intensity and motivation (Roberts et al., 2020). These athletes also reported consuming
wither the same or greater energy intakes alongside inadequate amounts of daily protein (<1.5 g-kg
BM-day?), though the implications of these actions were unclear since no measures of body mass
and/or composition were reported. Furthermore, these observations took place within adult rugby
players in New Zealand, where strict lockdowns were imposed for a much shorter duration (March to
May 2020, August to September 2021) than in the UK (New Zealand Government, 2022). As such,
the consequences of nutrition on body composition and performance in these populations cannot be
compared to that of highly trained adolescent swimmers from the UK, who were unable to train

normally for over four months.
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Previous research suggests that swimmers do not alter their nutritional intakes in response to new
training demands (Shaw et al., 2014); though, whether this is due to poor dietary habits or inaccurate
dietary reporting is currently unclear (see Chapter 1, section 1.1.1). During lockdowns, however,
young swimmers may have been faced with greater psychological stress than in previous
observations, particularly around performance and body composition, that may have led to: (a) the
development of restrictive/surplus dietary practices; (b) a tendency to consume poor quality foods; (c)
unfavourable eating patterns (i.e., skipping breakfast, late meals); and/or (d) increased sedentary
attitudes towards exercise (Chandler et al., 2021; di Cagno et al., 2020; Fitzgerald et al., 2021; Pillay
et al., 2020). Therefore, where previous research suggests that swimmers would not adjust their DEI
in response to the reduced training loads, this could not be confirmed under the pressures of COVID-
19. Moreover, even if dietary changes were made during lockdown, it was not clear whether
swimmers would retain the capacity to spontaneously increase DEI upon the return to sport (Roberts
et al.,, 2020). Hence, to provide an updated perspective on whether highly trained adolescent
swimmers can consume an adequate DEI to support their health and performance, the purpose of this
study was to retrospectively analyse nutrition intakes on three occasions: (a) before the first COVID-
19 lockdown (January 2020); (b) during the first national lockdown in the UK (April 2020); and (c)

after the first UK lockdown regulations had eased (September 2020).

3.2 Methods

3.2.1 Participants

This research took place in a UK-based, high-performance swimming club, where 26 highly trained
national and age-group swimmers (see Chapter 2, section 2.1.2) completed food diaries before and
during the initial wave of the COVID-19 pandemic as part of their sport nutrition support (see Chapter
2, section 2.1.4). Based on the use of retrospective data, 10 swimmers were excluded from data

analysis for providing unsatisfactory food diary contributions. A further three swimmers ended their
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competitive swimming careers during the COVID-19 pandemic, and therefore did not complete a
final food diary assessment. Resultantly, the food diaries of 13 highly trained adolescent swimmers
were analysed for this study (Table 3.1). An a priori power calculation with input parameters of o =
0.05, 3 = 0.80, and correspondence between measures = 0.3, determined this sample size appropriate
for detecting medium effect sizes (0.50) in within factors repeated measures ANOVA tests (one
group, three measures) with a power of 81% (G*Power, v.3.1.9.4, Universitat Dusseldorf, Germany).
At the time of the study, seven swimmers (54%) were ranked in the top 10 in the UK within their
respective age groups for at least one event, while six (46%) were of the few invited to trial for Great
Britain Olympic team for the delayed 2021 Games. Ethical approval was granted by BCU
(Newbury/7594/R(B)/2020/Aug/HELS FAEC) and both swimmers and their parents/guardians

provided written informed consent prior to their data being used for research purposes.

Table 3.1. Characteristics of the study participants.

Combined (n =13) Male (n =5) Female (n = 8)
Age (years) 15+1 15+2 16+1
Body mass (Kg) 58.4+85 55.6 + 12.2 60.2+5.5
Height (m) 1.66 + 0.09 1.67 +0.02 1.66 +0.07
Time competitive (years) 56+1.6 48+18 6.3+1.0

Mean + SD.

3.2.2 Protocol and Measurements

All swimmers completed three-day, mobile-based photograph assessment food diaries in accordance
with the previously described methods (Chapter 2, section 2.2.2). Briefly, this involved swimmers
sending two photographs to the lead researcher using a picture messaging smartphone application
(WhatsApp, Mountain View, CA, USA) every time a food, drink, or supplement was consumed; the
first of which displayed a clear image of the meal/snack prior to consumption, and the second

showing the remains of the meal once the meal/snack was finished. All swimmers completed a
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‘before lockdown’ food diary while they were completing normal training in preparation for national
competitions (January 2020). A second food diary was collected in April 2020 to assess the
swimmers' nutritional intakes ‘during lockdown’. The final food diary was collected ‘after lockdown’
in September 2020, approximately one month following the return to sport. The 10 swimmers who
were excluded from data analyses either did not provide a full three-day food diary or only provided
written food diaries with poor details; thus, their nutritional profiles could not be adequately compared

in this research.

To assess the adequacy of the swimmers’ nutritional intakes, their dietary information was compared
to the general in-season nutrition recommendations for highly trained swimmers (i.e., Chapter 1,
section 1.2). As such, the following energy and macronutrient guidelines were deemed appropriate for
the purpose of this research; energy: 35-75 kcal-kg BM*-day?!; CHO: 3-8 g-kg BM™-day*; protein:
1.5-2 g-kg BM*-day; fat: 1-2 g-kg BM*-day. All micronutrient intakes were compared against the
current UK RNIs for adolescents (aged 15-18 years), which are later presented in Tables 3.4 and 3.5,

respectively (British Nutrition Foundation, 2021).

3.2.3 Nutritional Information

The details of all food, fluid, and supplements consumed by each swimmer were inputted into an
online dietary analysis software (Nutritics 3.06, Dublin, Ireland) by the lead researcher, as per the
previously described methods (see Chapter 2, section 2.2.2). This provided information regarding the
energy and macronutrient content of each food and drink item consumed, as well as further details on
the CHO (e.g., sugar, fibre) and lipid components (e.g., omega-3 fatty acids, saturated fat), vitamins,
minerals, trace elements, and CAF intakes. The mean intakes from across the three days were
reported, as this approach provides accurate estimations of habitual energy and macronutrient

consumption (Costello et al., 2017; Magkos & Yannakoulia, 2003). All nutrients were reported in
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absolute values, with energy, macronutrients, and CAF intakes further presented relative to body

mass.

A small pilot study was conducted to assess the sensitivity of the analysis, which involved the lead
researcher analysing eight meals with a known energy and macronutrient content on two separate
occasions. Additionally, one of the 600 kcal meals was repeatedly analysed on 20 separate occasions.
These data were used to determine the intra-rater reliability and the validity of the assessment method
for the lead researcher. Intra-rater reliability was assessed using CV and was determined to be 2.7%,
4.8%, 3.9% and 1.2% for energy (kcal), CHO (g), protein (g) and fat (g), respectively. The validity of
the analysis method was assessed using an ICC and the CV of error, which were considered to be
‘excellent’ for energy (r = 0.947, p <0.001, CV = 2.0%), CHO (r = 0.972, p <0.001, CV = 3.5%),
protein (r = 0.914, p <0.001, CV = 6.4%) and fat (r = 0.977, p <0.001, CV = 1.0%) (Atkinson &

Nevill, 1998; Koo & Li, 2016).

3.2.4 Anthropometric Data

Body mass and height were determined using electronic scales and a stadiometer before and after
lockdown (see Chapter 2, section 2.2.1). During lockdown, however, swimmers provided their body
mass remotely using their own home-based electronic scales. To standardise measures, these were
requested after breakfast whilst wearing underwear. The use of varying scales at this time likely
reduced the accuracy of the measure (Drost, 2011), though this was unavoidable given the restrictions.
Height was not measured during lockdown since all swimmers did not have access to a stadiometer at
home. Repeat body mass and height measures were collected after lockdown for all swimmers in

accordance with the UK Government’s close contact guidelines (DCMS, 2020).
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3.2.5 Training Information

Weekly swimming volume (i.e., km-week™) was collected for each participant via communication
with the head swimming coach, who kept records of all swimming training sessions before and after
lockdown. During lockdown, some swimmers were able to complete swimming volume in open water
(n = 6) or private swimming facilities (n = 2), in which the swimming coach recommended training
intensities and volumes. Actual swimming volumes were self-reported following the session. Weekly
training time (hours-week) accounted for the total hours spent in pool and land-based exercise each
week. Before lockdown, training consisted of between 5-8 pool (1.5-2.5 hours) and 2-6 gym-based
(40-60 min) sessions-week™® dependant on training age and specialist race distances. After lockdown,
training consisted of between 5-7 pool (1-1.5 hours) and 2-3 gym-based (60 min) sessions-week™.
The swimmers were asked to self-report additional exercise outside of these scheduled sessions during
food diary collection. During lockdown, training was self-governed by the swimmers based upon

recommendations made by coaches and support staff.

3.2.6 Nutrition Support

All participants completed three-day food diaries as part of their ongoing sport nutrition support (see
Chapter 2, section 2.1.4). The obtained information was used to provide each swimmer with
individual feedback and nutrition interventions, whereas group trends were used as topics for
classroom-based education sessions (varying topics, 30 min, weekly). The level and frequency of
individual support was determined by the swimmer’s engagement. In immediate response to the
lockdown, electronic resources (PDF files) were created and sent to swimmers and parents/guardians
(WhatsApp, Mountain View, CA, USA) on ad hoc basis throughout March and April. These mostly
included topics centred around training from home, muscle retention, spontaneous energy reduction,
and improving immunity. The April food diary was requested to monitor adherence to the resources
and identify possible nutritional interventions. Each swimmer and their parents/guardians received a

phone or video call (WhatsApp) from the lead researcher to discuss their results, with the option of
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weekly check-ins. Similarly, this support was determined by the swimmers’ engagement with the
service. From April until June, all swimmers had access to two weekly group nutrition activities
(cooking workshop, nutrition quiz) using an online meeting platform (Zoom, San Jose, CA, USA).
Attendance at these activities was not monitored. All online group activities ceased in July as
swimmers resumed formal training. The weekly check-in option remained in place since face-to-face
contact was not prohibited. Resources for pre-, intra-, and post-training nutrition (e.g., meal
composition, nutrient timing, hydration) were sent to swimmers and parents/guardians to facilitate the

return to sport throughout August 2020.

3.2.7 Statistical Analysis

All statistical tests were completed in accordance with Chapter 2 (section 2.5.2). A one-way ANOVA
was used to establish mean differences for all nutrition intake variables and body mass at the three
sampling time points (before, during, and after lockdown). A paired samples t-test was used to
determine differences in height before and after lockdown. Effect sizes for each ANOVA were
reported as Pn? and pairwise effect sizes were reported as g (see Chapter 2, section 2.5.2 for
interpretations). Inter-individual variability in each measure was also shown using CV. Statistics for
the pilot tests utilised a two-way mixed effects ICC for reliability analysis (type: consistency) and are
reported with r value and significance level (p value) as per previous recommendations (Atkinson &

Nevill, 1988). All data are reported as mean £ SD, and statistical significance was set at p <0.05.

3.3 Results

3.3.1 Training Characteristics

The COVID-19 pandemic caused significant disruptions to swimming volume (F = 139.8, p <0.001,

Pn? = 0.92), with a 91% reduction observed from before (43.3 + 11.7 km-week™) to during lockdown
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(4.1 £ 5.8 km-week; p <0.001, g = 4.11). After lockdown, swimming volume did not fully return
compared to before lockdown (33.5 = 7.0 km-week™?; p <0.001, g = 0.98). The same pattern was also
observed for training time (F = 187.8, p <0.001, Pn? = 0.94), as swimmers reduced their weekly
training duration by 70% during lockdown (19.1 + 2.2 vs. 5.7 + 2.5 h-week?, p <0.001, g = 5.51),
whereas a full return of total training hours did not occur after lockdown compared to before

lockdown (15.0 + 1.4 hours-week™®; p <0.001, g = 2.15).

3.3.2 Anthropometric Changes

Body mass increased over the study timeframe (F = 30.9, p <0.001, Pn?= 0.72), although this change
did not occur from before (58.4 + 8.5 kg) to during lockdown (59.0 + 8.6 kg; p = 0.254, g = 0.07).
After lockdown, however, body mass was increased (62.7 £ 9.4 kg) compared to both before and
during lockdown time points (both p <0.001, g = 0.46 and 0.40, respectively). Height was also

increased from before to after lockdown (1.66 £ 0.09 vs. 1.69 + 0.08 m, p = 0.002, g = 0.27).

3.3.3 Energy and Macronutrients

Changes in absolute and relative intakes of energy, CHO, protein, and fat were observed over the
study timeframe (Table 3.2). The most prominent of these changes occurred during lockdown, where
large reductions in energy (-14.2 + 8.2 kcal'kg BM*-day?, p <0.001, g = 1.56), CHO (-1.9 + 1.1 g'kg
BM*-day?, p <0.001, g = 1.60), protein (-0.6 + 0.5 g-kg BM-day?, p = 0.002, g = 1.45), and fat (-0.5
+ 0.4 gkg BM-day?, p=0.011, g = 1.37) were all reported compared the intakes before lockdown.
After lockdown, energy (-12.9 £ 10.5 kcal-kg BM™*-day?, p = 0.003, g = 1.23), CHO (+1.9 £ 1.1 g'kg
BM™-day?, p <0.001, g = 1.46), and protein (+0.4 = 0.6 g-’kg BM1-day?, p = 0.002, g = 1.45) intakes
all increased again compared to during lockdown, with swimmers reporting the same intakes as before
lockdown (all p >0.05). Fat intakes reported during lockdown were not statistically significant to

those reported after lockdown (+0.4 + 0.6 g-kg BM-day™?), although a large effect size was calculated
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between time points (p = 0.106, g = 0.82). The lack of statistical significance was likely caused by an
increased inter-individual variance in relative fat intakes at this time (CV = 36%, eight increased, four
maintained, one decreased), which was more variable than observed in CHO (CV = 27%, 13

increased) and protein (CV = 28%, 11 increased, two decreased).

Table 3.2. Energy and macronutrient intakes reported by highly trained adolescent swimmers before,

during, and after a national lockdown during the COVID-19 pandemic.

Lockdown Period

Nutrition Variable . Interaction effect
Before During After
Energy
Absolute (kcal-day™) 2606 +507 1796 +£338° 2712+718* F=17.5, p <0.001, Pn?>=0.60
Relative (kcal'kg BM -day?) 46 + 10 318" 44 + 12* F=17.9, p <0.001, Pr?>=0.60
CHO
Absolute (g-day™?) 311 +68 200 £ 417 330+77"  F=26.4,p<0.001, Pn?=0.70
Relative (g’kg BM -day™?) 54+12 35+£1.1" 54+14% F=275,p<0.001,Pn?=0.70
Protein
Absolute (g-day™?) 135+ 26 99 + 24" 132 + 38 F=8.3,p=0.002, Pn?=0.41
Relative (g’kg BM -day™?) 23104 1.7+£04" 2.1+£0.6 F=8.4,p=0.002, Pn?=0.41
Fat
Absolute (g-day™?) 92 +£22 67 +18" 95+ 34 F=6.2,p=0.007, Pn?=0.34
Relative (g'kg BM -day™?) 16+0.4 1.1+£0.3" 15+0.6 F=5.7,p=0.009, Pn?=0.32

* = different to before lockdown (p <0.05); # = different to after lockdown (p <0.05).

Though all energy and macronutrient intakes were similar at the before and after lockdown time
points, the inter-individual variance within each measure was increased after lockdown (CV before vs.
after lockdown, energy = +6%; CHO: +5%; protein: +9%; fat: +8%; Figure 3.1). Subsequently, the
number of individual swimmers who reported consuming less than the recommended protein and fat
intakes was increased after lockdown (protein: +8%, fat: +15%). The same number of swimmers
reported consuming <35 kcal'’kg BM™-day? energy at the before and after lockdown time points
(23%), although these swimmers’ relative intakes were further from the recommendations after

lockdown (before: 33.5, 34.5, and 34.8 kcal'kg BM™*-day vs. after: 25.3, 29.0 and 34.0 kcal-kg BM"
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L.day ). In contrast, more swimmers reported consuming protein within the 1.5-2 g-kg BM*-day*

range after lockdown (before: 31%, after: 54%), compared to most swimmers over-consuming protein

at the before lockdown time point (before: 69%, after: 30%).
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Figure 3.1. The relative A) energy, B) CHO, C) protein, and D) fat intakes reported by individual

swimmer before, during, and after a national lockdown during the COVID-19 pandemic. Grey shaded

areas represent the recommended energy and macronutrient intakes for swimmers (Mujika et al.,

2014; Stellingwerff et al., 2011).
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3.3.4 Carbohydrate and Lipid Components

Changes in dietary fibre, sugar, and monounsaturated fat intakes were identified across the study
timeframe (Table 3.3). Before lockdown, 92% of swimmers reported consuming the UK RNI for
dietary fibre (25 g). During lockdown, however, there was a large reduction in fibre intake (p = 0.001,
g = 1.87), resulting in only 23% of swimmers meeting the UK RNI. While there was no difference in
mean fibre intakes between the before and after lockdown time points (p = 1.000, g = 0.16), only 69%
of the cohort reported consuming the UK RNI after lockdown. A 37% reduction in sugar intake also
occurred from before to during lockdown (p = 0.038, g = 0.88), though there was no difference
between sugar intakes before and after lockdown (p = 0.223, g = 0.41). All swimmers exceeded the
UK RNI for sugar intake (<5% of DEI) before (18 £ 6% of DEI), during (16 + 6% of DEI) and after
lockdown (21 + 6% of DEI). Swimmers also reported consuming 28% less monounsaturated fat after
lockdown compared to before lockdown (p = 0.005, g = 0.85). A large effect size was also calculated
for a similar decline in monounsaturated fat intake during lockdown, although this change did not
reach statistical significance (p = 0.068, g = 1.12). Reported saturated fat intakes were close to the UK
RNI (<11% of DEI) at all three time points (before: 11 £ 2%, during: 12 £+ 3%, after: 11 + 2% of

DEI). No other CHO or lipid component changed considerably over the study timeframe.
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Table 3.3. Carbohydrate and lipid components recorded in the diets of highly trained adolescent

swimmers before, during, and after a national lockdown during the COVID-19 pandemic.

Lockdown Period

Nutrient Before During After Interaction Effect
Fibre (g-day™) 29.7+43 20.7+5.0" 30.8+8.1* F=13.4,p<0.001,Pn?=0.53
Sugar (g-day™) 118 + 57 75 + 36" 139 £41*  F=12.6, p <0.001, Pn?=0.51
Saturated Fat (g-day™) 32.3+89 248+83 333+129 F=29, p=0.069, Pn?=0.20

Monounsaturated Fat (g-day™) 28.6 9.7 20.6+6.1 20.5+8.8 F=5.8,p=0.009, Pn?=0.33

Polyunsaturated Fat (g-day-) 121+42  96+36  98+33  F=28 p=008L Pp2=0.19
Omega-3 Fatty Acid (g-day™) 20412 17+15  21£09  F=04,p=0.650, Pn2=0.04
Omega-6 Fatty Acid (g-day™) 67+26 52426  61+34 F=12 p=0327, Pp=0.10
Trans Fat (g-day™) 1.0+04 09+05 0.8+0.4 F=0.6, p=0.564, Pn?=0.05
Cholesterol (mg-day™) 369 £ 145 268 + 105 313 £ 247 F=1.8,p=0.195,Pn?=0.13

* = different to before lockdown (p <0.05), # = different to during lockdown (p <0.05).

3.3.5 Minerals and Trace Elements

Swimmers reported a reduced intake in seven of the 12 measured minerals and trace elements during
the lockdown period, with sodium (p = 0.010, g = 1.32) potassium (p = 0.030, g = 1.14), chloride (p =
0.010, g = 1.39), calcium (p = 0.009, g = 0.99), phosphorus (p = 0.002, g = 1.34), iron (p = 0.004, g =
1.33), and selenium (p = 0.007, g = 1.00) all decreasing compared to before lockdown (Table 3.4).
After lockdown, swimmers increased their sodium (p = 0.036, g = 1.05), chloride (p = 0.009, g =
1.36), and calcium (p = 0.027, g = 0.80) intakes compared to during lockdown. In contrast, the intakes
of phosphorus (p = 0.956, g = 0.39) and selenium (p = 0.947, g = 0.31) did not increase again after
lockdown. The increase in potassium and iron intakes from during lockdown to after lockdown did
not reach statistical significance, although moderate (p = 0.445, g = 0.51) and large (p = 0.071, g =

0.91) effect sizes were calculated for these changes, respectively.
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Table 3.4. Minerals and trace elements reported in the diets of highly trained adolescent swimmers

before, during, and after a national lockdown during the COVID-19 pandemic.

UK RNI Lockdown Period
Interaction effect
Nutrient Before During After
. M: 1600 F=77p=
. -1 * # y
Sodium (mg-day™) E- 1600 2754 + 822 1784 + 587 2848 + 1256 0.003, P2 = 0.39
. M: 3500 . F=36,p=
.dav-! !
Potassium (mg-day) F- 3500 3471+ 776 2615 + 680 3052 + 946 0.043, Pr2= 0.23
: M: 2500 . F=9.0,p=
. -1 # !
Chloride (mg-day™) F- 2500 4739 + 1842 2719 + 738 4413 + 1541 0.001, Pr2= 0.43
. . M: 1000 N F=76,p=
. 1 # ]
Calcium (mg-day™) E- 800 1247 + 371 858 + 389 1219 + 484 0.003, P = 0.39
M: 775 . F=51p=
.dav-! !
Phosphorus (mg-day™) F- 625 1749 £ 294 1283 + 374 1452 + 466 0.014, Pr2= 0.30
. M: 300 F=24,p=
.davy! !
Magnesium (mg-day™) F- 300 336 + 63 255+ 83 432 £ 349 0.140, Pr2= 0.17
M: 11.3 . F=54,p=
.dav! !
Iron (mg-day™) F148 145+3.2 10.1+3.2 146 +6.0 0.012, Pr2= 0.31
. M: 9.5 F=18,p=
.dav! !
Zinc (mg-day™) F70 10.8+2.3 8.8+3.0 116 £6.1 0.183, Pr2= 0.13
M: 1.0 F=31p=
.dav-? '
Copper (mg-day™) F-10 14+04 1.0+04 15+0.7 0.062, Pr2= 0.21
Manganese (mg-day™) - 10.2+20.0 28+1.1 33111 F=16p=
Y eEey OE o 0.226, Pn?=0.12
. M: 70 F=41p=
o -1 * 1]
Selenium (ug-day™) E 60 68.2 + 15.7 49.4 +20.4 57.4+28.2 0.030, Pr2= 0.25
. M: 140 F=12,p=
.dav’ !
lodine (ng-day™) F-140 187.3+86.5 138.1+88.6 159.8 + 101.7 0.324, Pr2= 0.09

* = different to before lockdown (p <0.05), # = different to during lockdown (p <0.05). M = UK RNI for males;

F = UK RNI for females (British Nutrition Foundation, 2021).

Most female swimmers reported consuming inadequate (<14.8 mg-day™?) iron intakes before (75%,
mean intake: 13.9 + 3.2 mg-day?), during (88%, 9.7 + 3.0 mg-day), and after lockdown (75%, 13.9 +
3.2 mg-day?) (Figure 3.2). This was combined with an increased percentage of female swimmers also
reported consuming inadequate calcium (<800 mg-day?) from before (25%, 1327 + 411 mg-day?) to
during lockdown (50%, 920 + 466 mg-day™). After lockdown, an increased percentage of females

reported <800 mg-day™ calcium compared to before lockdown (38%, 1099 + 439 mg-day™?). A further
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comparison found that 50% of female swimmers were concurrently reported inadequate energy (<35
kcal-kg BM-day?), iron, and calcium intakes during lockdown, which was a greater percentage
compared to the 13% observed both before and after lockdown. All males achieved the UK RNI for
iron (>11.3 mg-day™) before (15.4 + 3.3 mg-day) and after lockdown (19.3 + 3.6 mg-day™). During
lockdown, however, 60% of males failed to meet this threshold (10.9 + 3.7 mg-day™). Regarding
calcium, only 60% of males consumed the UK RNI (>1000 mg-day™?) before lockdown (1120 + 291
mg-day?t), which further reduced to 20% during lockdown (759 + 229 mg-day). Nonetheless, 80% of

males consumed adequate calcium after the lockdown period (1410 + 539 mg-day™).
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Figure 3.2. The A) iron and B) calcium intakes reported by individual swimmers before, during, and
after a national lockdown during the COVID-19 pandemic. Grey shaded areas represent the UK RNI

for female adolescents aged 15-18 years (British Nutrition Foundation, 2021).
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3.3.6 Vitamins

Only riboflavin (F = 3.9, p = 0.033, Pn?= 0.25) and folate (F = 4.1, p = 0.030, Pn? = 0.25) intakes

were affected by the COVID-19 pandemic (Table 3.5); though, post-hoc analysis could not identify

when these changes occurred with statistical significance. Moderate and large effect sizes were

calculated for the reduction of these vitamins from before to during lockdown (riboflavin: p = 0.102, ¢

=0.77; folate: p = 0.117, g = 0.84). Similarly, large effect sizes were also calculated for the increased

intake of these vitamins from during to after lockdown (riboflavin: p = 0.060, g = 0.91; folate: p =

0.067, g = 0.98). No swimmer reported consuming the UK RNI for vitamin D (>10 pg-day) before

lockdown (range: 1.8-8.9 pg-day™?), but this increased to 15% during lockdown (0.7-16.8 pg-day™)

and 23% after lockdown (3.3-18.0 pg-day™).

Table 3.5. Vitamin intakes reported in the diets of highly trained adolescent swimmers before, during,

and after a national lockdown during the COVID-19 pandemic.

Lockdown Period

Nutrient UK RNI Before During After Interaction effect
Vitamin A (ret eqiday?) - /00 758300 734363 10233634 ' iﬁé Loyvall
Vitamin D (ug-day™) VEI0 46x23  40:50  72%¢50  FC %ﬁéf;&l%’
Vitamin E (mg-day™) - 9.2+35 77429 11.4+7.4 P f{nsz' =p g,féll&
Vitamin K (mg-day™) - 80 + 59 85 + 81 74 +52 P %nlz' =p 5,81876'
Thiamin (mg-day) Wos 22604 18206  23s08  © ouPIAA
Riboflavin (mg-day™) '\,ff llf 24407 18408 27411 - iﬁgfé%‘ml
Niacin (mg-day™) Vi1 310 50 + 29 s0+14  T7 %);12’35106270’
(",f‘,rg‘i‘;;*;i“;“’ Acid . 76+17  69+43 7935 - g.nsz,:p P
Vitamin B6 (mgday®) ¥ .»  26+07 2412 28209 gﬁz’f o oa99,
Folate (ng-day™) '\If:: 2288 311+69  236+100  356+136 | ;#55385030'
Vitamin B12 (ng-day™) '\F/'f 115 73424 6.0+3.5 66+34 - gféf;gf%’
Biotin (ng-day) - 407 29+10 52+ 35 P ?{,'1162' f 523076’
Vitamin C (mg-day™) Vie) 125478 105%52  195%164 ?r;ﬁif;gé()%'

M = UK RNI for males; F = UK RNI for females (British Nutrition Foundation, 2021).
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3.3.7 Caffeine

Caffeine intakes did not change over the course of the study (F = 1.9, p = 0.189, Pn? = 0.14), with
negligible intakes reported before (0.1 = 0.1 mg-kg BM™-day™), during (0.1 + 0.3 mg-kg BM™1-day™)

and after lockdown (0.2 + 0.5 mg-kg BM™-day™).

3.4 Discussion

This was the first study to analyse the nutritional intakes of highly trained adolescent swimmers in the
UK at three different time points: (a) in normal training before COVID-19; (b) during a national
lockdown; and (c) upon a return to sport following a national lockdown. In contrast to prior research
(Alméras et al., 1997; Kabasakalis et al., 2007; Montenegro et al., 2017), this study showed that
highly trained male and female swimmers appropriately adapted their energy and macronutrient
intakes to match their changing training demands. Reductions in DEI during lockdown did, however,
cause some micronutrients to be consumed in inadequate amounts, including iron and calcium that are
important for growth, development, and athletic performance (Desbrow, 2021). Nonetheless, at both
the in-training time points (before and after lockdown), the minimal recommendations for energy,
macronutrients, and most micronutrients were reportedly being achieved. A caveat to this observation
was that it only considered swimmers who utilised sport nutrition provisions, thus whether these
results are generalisable to the wider swimming community with less access/engagement with sport

nutrition remains unclear.

The lockdown and social distancing regulations introduced during the COVID-19 pandemic caused a
70% reduction in the weekly training time of highly trained adolescent swimmers, suggesting large
decreases in DEE were also present at this time. To account for this reduced training, swimmers
reduced their DEI by ~30%, which was deemed appropriate since this cohort were still able to achieve

the macronutrient recommendations for swimmers (CHO: 3.5 g-kg BM™-day™, protein: 1.7 g-kg BM-
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L.day?, fat: 1.1 g'kg BM*-day™). Moreover, no changes in body mass were observed one month into
lockdown, demonstrating that energy balance was being achieved (Chow & Hall, 2008). After
lockdown, however, swimmers returned to training with mean body mass increase of +4.3 kg,
consistent with previous research when adolescent swimmers engaged in a detraining period
exceeding two months (+4.8 kg, Alméras et al., 1997). It is therefore plausible that swimmers started
to increase their DEI and/or become less motivated to exercise once lockdown conditions extended
beyond one month (Pillay et al., 2020). Alternatively, large body mass increases are expected between
the ages of 10-20 years, with height (e.g., +3 cm in the present study), skeletal muscle, and bone mass
rapidly increasing during adolescence (Brown et al., 2017). With such a prolonged reduction in
training volume and intensity, it is possible that this young cohort were instead consuming a sufficient
DEI to promote optimal growth during this time (Meyer et al., 2007). Consequently, without access to
food diaries at a secondary lockdown time point or a simple metric of body composition (e.g., waist-
to-hip ratio; Kuriyan, 2018), it is unclear whether this increased body mass was a result of inadequate

dietary intakes (e.g., increased body fat) or growth.

Swimmers had access to sport nutrition support throughout this investigation, possibly explaining why
this cohort increased and decreased their daily nutrition intakes in contrast with previous research
(Alméras et al., 1997; Kabasakalis et al., 2007; Montenegro et al., 2017; Noland et al., 2001; Sato et
al., 2011). On an individual basis, however, heightened inter-individual variation was observed within
each nutritional measure after lockdown, indicating that more swimmers started to either over-
consume or under-consume energy (e.g., DEI range before lockdown: 34-62 kcal-kg BM-day™? vs.
after lockdown: 29-66 kcal-’kg BM-day™) and macronutrients (e.g., protein range before lockdown:
1.5-2.9 g'kg BM-day™? vs. after lockdown: 1.2-3.1 g-kg BM-day?) upon the return to sport. This could
have been the result of some swimmers experiencing a decline in diet quality and motivation as the
lockdown persisted, which is in accordance with other sporting populations (Pillay et al., 2020;
Roberts et al., 2020). Indeed, anecdotal data from coaches and support staff suggest that adherence

and engagement with sport nutrition and training provisions declined over time during lockdown; and
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as such, it is speculated that some swimmers developed poor eating behaviors that were carried over
into the after lockdown time point. This could be problematic given that diet quality is associated with
physical performance capacity and health (Farina et al., 2020; Thomas et al., 2016); hence, a greater
proportion of swimmers might now be at greater risks of injuries, illnesses, and poor performances

without additional post-lockdown nutrition support. Though this requires further research.

Though a large reduction in DEI was necessary during lockdown, swimmers should be aware that low
energy diets increase the risks of developing micronutrient deficiencies (Thomas et al., 2016). The
current study adds to this concern by identifying a reduction in the intake of nine different
micronutrients during lockdown; including iron, calcium, and potassium; which all fell below the UK
RNI for adolescents (British Nutrition Foundation, 2021). More specifically, female swimmers
reported consuming suboptimal calcium (684-970 mg-day™) and iron intakes (9.7-13.2 mg-day™)
when their DEI decreased <40 kcal'kg BM™-day?, which supported previous observations in
adolescent female swimmers (da Costa et al., 2013; Martinez et al., 2011; Valliéres et al., 1989). On
the other hand, male swimmers are considered to be at lower risks of developing nutrient deficiencies
due to consistently achieving DEI recommendations (Shaw et al., 2014), though this study suggested
otherwise during lockdown conditions. These insights suggest that education and practical skills are
of much needed attention within swimming clubs when reductions in DEI are necessary (e.g., injury
or future lockdowns). Nonetheless, when in formal training, group mean data suggested that highly
trained adolescent swimmers mostly consumed adequate micronutrient intakes (except vitamin D).
However, it is currently unclear if three-day food diaries are valid and reliable tools to assess
micronutrient intakes in adolescent athletes (Costello et al., 2017), and therefore the data from this

study should be interpreted with caution.

The retrospective nature of this study produced a number of limitations. Firstly, energy balance, and
therefore the risk of energy deficiency, was not assessed since a consistent DEE calculation was not

established. For example, the Harris-Benedict equation was used before lockdown using height, age,
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body mass, and daily activity (Jagim et al., 2018), whereas an approach based on metabolic
equivalents (METs) was attempted during lockdown to account for changes in daily routines
(Ainsworth et al., 2011; Ridley et al., 2008). However, the latter approach demanded an accurate
recall of all daily activity, which the current cohort did not adequately provide or engage with.
Secondly, 50% of the original cohort did not complete all nutrition assessments, which meant that
only the food diaries from swimmers who engaged with the sport nutrition provisions was included in
the analysis. Consequently, it is unclear whether these results can be generalised to the wider
swimming population at present. Finally, no health or performance measures were collected alongside
dietary intakes, restricting any practical outcomes from being observed. Future research should
therefore consider utilising simple and non-invasive measures of body composition, exercise
performance, well-being, and/or growth; given the possibility of future pandemic situations restricting
training and face-to-face engagement in the near future (Mahase, 2021; Thiagarajan, 2021).
Nonetheless, the key purpose of this study was to identify any changes that occurred in the dietary
intakes of highly trained adolescent swimmers during three different lockdown stages, to which this

was achieved.

3.5 Conclusion

With sport nutrition support, highly trained adolescent swimmers in the UK were capable of adjusting
their nutrition intakes based on their changing training demands during the COVID-19 pandemic. At
the group level, energy and macronutrient recommendations were achieved before, during, and after a
national lockdown. However, these intakes were variable at the individual level, suggesting that more
swimmers were deviating away from the nutrition recommendations after lockdown. It was suspected
that diet quality and motivation decreased in some swimmers as lockdown conditions persisted
beyond five weeks, which could therefore place some adolescent swimmers at greater risks of energy
and nutrient deficiencies. As such, further research regarding the long-term health and performance

implications caused by COVID-19 is required.
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Chapter 4 — Nutritional Supplement Use in a

UK High-Performance Swimming Club

Chapter can be found at: Newbury, J.W., Sparks, S.A., Cole, M., Kelly, A.L. and Gough, L. A.
(2023). Nutritional supplement use in a UK high-performance swimming club. Nutrients, 15(15),
pp.3306. Available at: https://doi.org/10.3390/nu15153306.
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4.1 Introduction

The International Olympic Committee (IOC) define nutritional supplements as ‘food, food
components, nutrients, or non-food compounds that are purposefully ingested in addition to the
habitually consumed diet with the aim of achieving a specific health and/or performance benefit’
(Maughan et al., 2018, pp.105). This broad definition covers a wide variety of supplements that are
commercially available to swimmers, including ‘sports’, ‘health’, ‘ergogenic’, and ‘herbal’ products
that were previously described in Chapter 1 (section 1.4). Given each of these supplement categories
has suggested health and/or performance benefits, it is no surprise that their use is currently
widespread in sport at the elite (Shaw et al., 2016a), junior (Mettler et al., 2022), and recreational

levels (Ulery et al., 2022).

Supplement use generally increases with age and training status, though the total number and type of
supplements can also be influenced by a sport’s cultural norms (Maughan et al., 2018). For example,
swimmers are often placed amongst the highest supplement when compared to other sports (Corrigan
& Kazlauskas, 2003; Dascombe et al., 2010; Huang et al., 2006; Jovanov et al., 2019), with between
87-99% of elite swimmers currently thought to be consuming supplements on a regular basis, and
~6-10 different supplements being used at the same time (Moreno et al., 2022; Shaw et al., 2016b).
More recently, Moreno et al. (2022) also found that supplement use was equally prevalent between
swimmers at the national and international levels, including little differences in the total number (6.3
+ 4.4 vs. 49 = 3.6 supplements) or types of supplements (e.g., sports: 1.4 + 1.1 vs. 1.4 + 1.3
supplements; ergogenic aids: 1.3 £ 1.3 vs. 1.2 = 1.1 supplements) being consumed. These results raise
potential concerns given that many national swimmers are adolescents who could therefore be
engaging in widespread supplement without understanding safe practices (Dascombe et al., 2010;
Mettler et al., 2022). As the current supplement intakes of highly trained adolescent swimmers are
unclear (see Chapter 1, section 1.4.1), further research is required to understand this population’s

supplement behaviours and motivations.
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Approximately 35-100% of highly trained adolescents reportedly engage in supplement use, with
reasons being to improve performance (20-65%), enhance recovery (33-40%) and support health
(23-56%) (Dascombe et al., 2010; Mettler et al., 2022; Parnell et al., 2016; Petréczi et al., 2008). The
intake of sports and some health supplements are justified in this cohort given that a ‘food first, but
not always food only’ approach is thought optimal for health and performance (Close et al., 2022).
However, the consumption of ergogenic aids is more dubious, since the possibility of obtaining
marginal performance benefits can be outweighed by the risks of adverse side-effects and/or
inadvertent doping (Desbrow et al., 2014). Nonetheless, 57-72% of adolescents believe ergogenic
aids to be important for sporting success, using them despite knowing the inherent risks and not
knowing the correct dosing protocols (Dascombe et al., 2012; Mettler et al., 2022). This could be
because supplement knowledge is often obtained from coaches and family members as opposed to
qualified nutritionists (Jovanov et al., 2019; Moreno et al., 2022; Petroczi et al., 2008); though this has
not been confirmed specifically in adolescent swimming cohorts. This poses key questions regarding
supplement use in adolescent swimmers, such as at what age does prevalent use begin; does the total
number and type of supplements change with training status; why are these supplements chosen; and
who recommends them? The aim of this study was therefore to identify the current supplement
practices of three distinct stages in the swimming talent pathway: development (aged 10-14 years);

age-group (aged 13-17 years); and national level (aged >16 years).

4.2 Methods

4.2.1 Participants

This study took place within a high-performance swimming club in the UK, which consisted of 62
swimmers of national, age-group, and development status (see Chapter 2, section 2.1.2). However,
logistical challenges meant that not all swimmers were available for data collection, resulting in a
final participant sample of 44 swimmers (Table 4.1). An a priori power calculation with input

parameters of o = 0.05 and B = 0.80 determined this sample size appropriate for detecting medium
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effect sizes (0.50) in one-way ANOVA tests (three groups, one measure) with a power of 80%
(G*Power, v.3.1.9.4, Universitat Dusseldorf, Germany). At the time of the study, the national group
of swimmers (n = 11) consisted of two national swimming champions and five swimmers who had
represented their nations at the junior level. Age-group swimmers (n = 13) were all highly competitive
in their respective age categories, including seven of this group who were nationally ranked in the top
10 swimmers for their specialist event. Development swimmers (n = 20) were all highly competitive
at the regional level, with ten being nationally ranked in the top 10 swimmers in their age groups for
at least one event. Written informed consent was provided by all swimmers and their
parents/guardians if aged under 18 years. Ethical approval was granted by BCU

(Newbury/7594/R(B)/2020/Aug/HELS FAEC) in accordance with the Declaration of Helsinki.

Table 4.1. The competitive status and training characteristics of the study participants.

Measure National ~ Age-Group Development Males Females  Combined
(n=11) (n=13) (n=20) (n=21) (n=23) (n=44)
Age (years) 20 £ 2% 15+1" 13+1 16+3 15+3 15+3
Time competitive g, o 5+1° 3:1 5+3 5+3 5+3

(years)

Trainingvolume ¢, 4 5+ go40g" 57405 60£07 63+11  62%09
(sessions-week™)
Training time 176+32° 158+24°  123+12  144+23 149+38 14631
(hours-week™)

WA points 698 + 59 622 + 67" 483 £ 69 555 +123 598 + 99 578 £112

World Aquatic (WA) points awarded for the fastest swimming performance in a 50 m pool. Training time
includes both pool and land-based activities undertaken at the swimming club. ™ = increased compared to
development swimmers (p <0.05). # = increased compared to age-group swimmers (p <0.05). Statistical

comparisons are described in section 4.3.1.
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4.2.2 Experimental Procedures

A descriptive and cross-sectional design was used to investigate supplement practices. Each swimmer
underwent a short interview (10-15 min) with the lead researcher, which was previously outlined in
Chapter 2 (section 2.2.3). In brief, the interview questions were an adaptation of a validated online
nutrition supplement questionnaire (Sanchez-Oliver, 2012), which asked the following questions: (a)
what supplements are consumed; (b) why is that supplement consumed; (c) where was the
information for that supplement sourced; (d) how frequently is that supplement consumed; and (e)
where was the supplement purchased? Swimmers were only asked to detail supplements that were

consumed during the 2021/2022 competitive swimming season.

4.2.3 Data Groups for Analysis

Supplement intakes were compared by training status (national vs. age-group vs. development) rather
than participant age due to the differing levels of nutrition support they received (see Chapter 2,
section 2.1.4). For each individual question, the following categories were applied for data analysis
based on the swimmers’ responses. Supplement type: sports supplements; ergogenic aids; and health
supplements, whereby ‘health’ supplements included vitamins, minerals, medical, and herbal
products. Reasons for use: increase performance (including ‘increasing energy levels for racing’);
recovery from exercise; general health; convenient source of nutrients; muscle growth; immune
support (avoiding or reducing length of illnesses); hydration; sleep support; and unsure. Information
source: performance nutritionist; swim coach; other coach (i.e., physiotherapist, personal trainer);
teammate; medical doctor; parent/guardian; friends and siblings; media (i.e., internet, social media
role models); and national governing bodies (NGB) (i.e., recommended at a development camp,

provided by supplement partners). Supplement frequency: daily; regularly (1-4 days-week™); and

occasionally (i.e., at competitions). Supplement source: grocery stores; general stores online (e.g.,
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Amazon); online sport nutrition outlets; health and wellness stores; pharmacies; and supplied directly

from a performance nutritionist or a parent/guardian.

4.2.4 Statistical Analysis

All guantitative data (i.e., total supplements, participant characteristics) are presented as mean + SD,
whereas the frequency of the qualitative responses (i.e., individual supplements, information sources,
reasons for use) are reported as percentages. All statistical analyses followed the processes outlined in
Chapter 2 (section 2.5.2). Based on the data in this chapter violating normality and sphericity, the
equivalent non-parametric tests were utilised. These were Kruskal-Wallis tests to analyse group level
differences in total supplement intakes (national vs. age-group vs. development), and Mann-Whitney
U tests to analyse pairwise differences based on sex (male vs. female). Effect sizes for pairwise
comparisons are calculated and reported in accordance with Hedge’s g bias correction. Differences in
frequency distributions between groups were analysed via Pearson’s Chi-Square (y?) tests, with
Cramer’s V effect sizes calculated and reported. All interpretations of effect sizes can be found in

Chapter 2 (section 2.5.2). Statistical significance was set at p <0.05.

4.3 Results

4.3.1 Participants

There were incremental increases in age (H(2) = 33.7, p <0.001) and years competitive (H(2) = 33.9,
p <0.001) between the training phases (Table 4.1), such that national swimmers were older and more
experienced than age-group swimmers (U = 0.0, p <0.001, g = 3.14; and U = 11.0, p <0.001, g = 1.73,
respectively), and age-group swimmers were older and more experienced than development
swimmers (U = 25.0, p <0.001, g = 1.95; and U = 13.0, p <0.001 g =1.73, respectively). Moreover,

the swimmers’ mean WA points were also increased with each training phase (H(2) = 30.0, p <0.001),
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with national swimmers being higher performers compared to age-group swimmers (U = 27.0, p =
0.10, g = 1.14), and age-group swimmers being higher performers than development swimmers (U =
19.0, p <0.001, g = 1.99). Increases in weekly training sessions (H(2) = 9.6, p = 0.008) and training
hours (H(2) = 21.3, p <0.001) also occurred, but these were only evident between swimmers of
development and age-group levels (U = 48.0, p = 0.005, g = 1.44; U = 42.0, p <0.001, g = 1.94,
respectively). There were no sex-based differences in age (U = 201.0, p = 0.335, g = 0.33),
competitive experience (U = 222.5, p = 0.651, g = 0.00), weekly training sessions (U = 254.5, p =
0.745, g = 0.32), weekly training hours (U = 249.5, p <0.848, g = 0.28), or WA points (U =293.5,p =

0.222, g = 0.38).

4.3.2 Supplement Type and Prevalence

Ninety-eight percent (43 of 44) of swimmers reported using at least one nutritional supplement. These
supplement intakes differed between training groups (H(2) = 14.4, p <0.001, Table 4.2), with national
swimmers reporting using a greater number of total supplements compared to both age-group (U =
21.0, p = 0.003, g = 1.17) and development swimmers (U = 27.5, p <0.001, g = 1.69). No difference
in total supplement intake was observed between development and age-group swimmers (U = 93.5, p

=0.169, g = 0.35).

Group differences in the consumption of ergogenic aids (H(2) = 27.3, p <0.001) and health
supplements (H(2) = 9.0, p = 0.011) were also identified; however, all three groups reported using a
similar number of sports supplements (H(2) = 0.37, p = 0.982; Table 4.2). With regards to ergogenic
aids, beta-alanine (y%@, n = 44y = 13.00, p = 0.002, V = 0.54); CAF anhydrous (x%w, n = 49 = 20.49, p
<0.001, V = 0.68); CAF drinks and gels (¥°@, n = 44y = 9.56, p = 0.008, V = 0.47); creatine (32, n=44) =
16.71, p <0.001, V = 0.62); and NaHCOs (¥%@, n = 44y = 13.20, p = 0.001, V = 0.55) were all more
frequently reported by national swimmers. This resulted in national swimmers reporting more

ergogenic aids compared to age-group swimmers (U = 12.5, p <0.001, g = 1.81), whereas age-group
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swimmers also reported consuming more ergogenic aids compared to development swimmers (U =
76.5, p = 0.005, g = 1.12). An increased intake of health supplements occurred in national swimmers,
who reported using more supplements versus swimmers at the age-group (U = 35.0, p = 0.032, g =
0.79) and development levels (U = 40.0, p = 0.003, g = 1.27). This occurred due to an increased
proportion of national swimmers reporting using magnesium (22, n = 44y = 6.29, p = 0.043, V = 0.38),
omega-3 fatty acids (3%@ n=144 = 11.57, p = 0.003, V = 0.51), vitamin D (%@, n=44) = 8.32, p = 0.016, V
= 0.44), and zinc supplements (¥%2, n =49y = 16.92, p <0.001, V = 0.62). No difference in health
supplement use was found between age-group and development swimmers (U = 117.0, p =0.621, g =
0.26). Despite a similar number of sports supplements being reported between groups, a larger
distribution of sports drinks was identified in development swimmers (@, n = 44y = 15.38, p <0.001, V
= 0.59), whereas protein powders were more frequently reported by national swimmers (%@, n = 44y =

11.46, p = 0.003, V = 0.51).

Male and female swimmers both reported using a similar total number of supplements (U = 169.0, p =
0.085, g = 0.45), including a similar number of ergogenic (U = 215.5, p = 0.484, g = 0.07) and health
supplements (U = 173.5, p = 0.103, g = 0.44, Table 4.2). A greater proportion of males did, however,
report using multivitamin supplements (y%u, n = 49y = 7.33, p = 0.007, V = 0.41). Male swimmers also
reported using more sports supplements compared to females (U = 149.5, p = 0.021, g = 0.76), with a
greater proportion of males using protein-enhanced foods (y%u, n = 44 = 4.39, p = 0.036, V = 0.32). In
contrast, a greater proportion of females reported using CAF anhydrous (%21, n=44) = 4.49, p = 0.034, V

= 0.32), whereas males used a wider variety of ergogenic supplements.
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Table 4.2. Total number and prevalence of nutritional supplements reportedly used by three training

tiers within a UK-based, high-performance swimming club.

Category / Individual Overall National ~ Age-Group Development Males Females
Supplements (n=44) (n=11) (n=13) (n=20) (n=21) (n=23)

Total (supplements) 52+29 8.1+34% 48+20 39+17 59+27 46%29
Sports (supplements) 25+1.0% 27x17 2.6+0.7 2.6+09 29+08"7 22%10
Dextrose/maltodextrin (%) 0 0 0 5 0 4
Electrolytes (%) 18 18 38 5 29 9
Liguid meals (%) 9 18 0 10 0 174
Protein bars (%) 43 36 54 40 57 30
Protein-enhanced food (%) 45 45 46 45 62+ 30
Protein powder (%)* 45 82 54 20 52 39
Sports bars (%) 2 0 0 5 0 4
Sports drinks (%0)* 68 27 62 95 67 70
Sports gels (%) 18 9 8 30 19 17
Ergogenic (supplements) 08+14 24+143% 05x05° 0.1%0.2 08+17 0912
Beetroot juice (%) 5 9 8 0 10 0
Beta-alanine (%0)f 14 45 8 0 14 13
Caffeine anhydrous (%0)* 30 82 23 5 14 43%
Caffeine drinks/gels (%0)* 9 36 0 0 10 9
Citrulline malate (%) 2 9 0 0 5 0
Creatine (%0)* 16 55 8 0 19 13
Sodium bicarbonate (%0)* 36 0 0 10
Health (supplements) 1.8+16" 3.0%13® 1.7+1.8 13+13 22+14 15+17
Ginger (%) 2 0 8 0 5 0
Iron (%) 20 27 15 20 24 17
Magnesium (%)* 5 18 0 0 10 0
Melatonin (%) 2 9 0 0 0 4
Multi-vitamin (%) 41 36 31 50 62% 22
Omega-3 fatty acids (%)* 20 55 0 15 19 22
Probiotics (%) 20 9 38 15 24 17
Vitamin C (%) 18 27 31 5 24 13
Vitamin D (%0)f 39 73 38 20 38 39
Zinc (%)* 11 45 0 0 10 13

* = overall greater intake compared to health supplements (p <0.05); # = overall greater intake compared to

ergogenic aids (p <0.05); # = greater intake compared to age-group swimmers (p <0.05), ® = greater intake

compared to development swimmers (p <0.05); T = percentage difference between training phases (p <0.05); § =

percentage difference between sexes (p <0.05).
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4.3.3 Reasons for Use

All three groups cited similar reasons for their supplement use, with ‘performance’ (34 = 7%, %2, n =
28)=2.95, p = 0.229, V=0.11) and ‘recovery’ (19 = 7%, %%z, n =228y = 4.67, p = 0.097, V = 0.14) being
the largest motivators (Figure 4.1A). These reasons were followed by ‘convenient nutrient sources’
(13 + 3%, %2, n=208) = 1.38, p = 0.502, V = 0.08) and for ‘health’ purposes (12 = 2%, y%@, n = 228) = 0.40,
p = 0.820, V = 0.04). Out of all supplements used, swimmers stated that they were ‘unsure’ why they
consumed 18 + 5% of their total supplements, which was no different between training groups (%@, n =
28 = 3.30, p = 0.192, V = 0.12). The reasons for supplement use differed between sexes, such that
female swimmers consumed more supplements for ‘performance’ (y%u. n = 228y = 9.04, p = 0.003, V =
0.20), whereas male swimmers consumed more supplements for ‘muscle growth’ (y%a, n =228y = 7.20, p

=0.007, V = 0.18) (Figure 4.1B). No other sex-based differences occurred (all p >0.05, V <0.10).

4.3.4 Information Sources

Seventy-five percent of all reported supplements were informed by a parent/guardian or a
performance nutritionist, though this distribution was not equal across groups (Table 4.3).
Development swimmers were the most reliant on parent/guardian information, whose influence was
less present in national swimmers (x?, n = 228y = 57.66, p <0.001, V = 0.50). In contrast, national and
age-group swimmers both reported a performance nutritionist as the most influential supplement
advisor, compared to no swimmers at the development level (}?2, n = 208y = 53.14, p <0.001, V = 0.51).
Additionally, a greater proportion of national swimmers reported gaining supplement information
from their coach compared to the other training stages (x%e, n = 228y = 10.02, p = 0.007, V = 0.21),
whereas the development group sourced more information from the media (¥%, n = 228y = 8.87, p =
0.012, V = 0.20). A sex-based difference was also found, whereby a greater proportion of female
swimmers sourced their supplement information from a performance nutritionist (1, n= 208y = 19.47, p
<0.001, V = 0.29), compared to males who sourced more information from a parent/guardian (y%x, n =

208)=6.71, p = 0.010, V = 0.17) and other coaches ()%, n =228 = 3.85, p = 0.050, V = 0.13).

123



Performance
Recovery

Health

Immune Support
Convenient Nutrients
Muscle Growth
Hydration

Sleep

Unsure
Reasons for

Supplementation Performance
Recovery

Health

Convenient Nutrients
Muscle Growth
Immune Support
Hydration

Sleep

Unsure

e

=
i

1
]
]
]
: s e )
R R

B National
A OAge-Group
ODevelopment
L
A e s 1
e
B,
e
e
]
B Male
OFemale
0 5 10 15 20 25 30 35 40 45 50

Proportion of Group (%)

Figure 4.1. Reasons for nutritional supplement use reported by swimmers in accordance with (A)

training tier, and (B) sex. * = difference between groups (p <0.05).
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Table 4.3. Distribution (%) of supplement information sources reported by swimmers within a high-

performance swimming club.

Information Sources Overall National Age-Group Development Male Female
(n=228) (n=89) (n=62) (n=77) (n=122) (n=106)
Performance nutritionist (%) 33 51 50 0 20 48#
Swim coach (%)" 6 12 3 1 7 5
Parent/guardian (%)" 42 16 40 74 50% 33
NGB (%) 3 4 2 1 4 1
Medical doctor (%) 3 1 3 4 4 1
Other coach (%) 4 7 0 3 6* 1
Teammate (%) 3 3 0 4 2 2
Friends and siblings (%) 2 2 0 4 1 0
Media (%) 3 1 0 8 3 5
Self-Research (%) 2 2 2 1 1 1

* = difference between training groups (p <0.05); # = difference between sexes (p <0.05); NGB = national

governing body; n = total number of supplements reported by each group.

4.3.5 Supplement Frequency

The frequency that swimmers consumed nutritional supplements differed by training group (H(2) =
15.38, p <0.001). This change occurred as national swimmers reported consuming more supplements
daily (3.8 £ 1.8 supplements), which was more than the swimmers at the age-group (1.8 £ 1.6
supplements, U = 28.0, p = 0.010, g = 1.17) and development levels (0.9 + 0.9 supplements, U =22.0,
p <0.001, g = 2.20). No further differences were identified between groups for the number of
supplements consumed regularly (national: 2.4 £ 1.7; age-group: 1.7 + 1.2; development: 1.5 + 0.9
supplements; H(2) = 2.7, p = 0.255), or occasionally (national: 1.9 + 1.3; age-group: 1.3 + 0.6;
development: 1.6 + 0.9 supplements; H(2) = 1.3, p = 0.526). Between sexes, males reported using
more supplements than females on a daily (2.3 £ 1.6 vs. 1.4 £ 1.9 supplements: U = 153.0, p = 0.033,

g = 0.49) and regular basis (2.1 + 1.1 vs. 1.4 + 1.3 supplements; U = 158.5, p = 0.045, g = 0.52), but

125



no differences occurred in occasional supplements use (1.4 £ 0.9 vs. 1.7 + 1.0 supplements; U =

194.0, p = 0.226, g = 0.37).

4.3.6 Supplement Sources

Within national swimmers, an increased proportion of supplements were purchased from online sport
nutrition outlets (3%@ n=228) = 131.75, p <0.001, V = 0.76), whereas development swimmers purchased
most supplements from grocery stores (x%@, n =228y = 27.52, p <0.001, V = 0.35) (Figure 4.2A). National
swimmers were also the only group to source supplements directly from a performance nutritionist
(¢%@ n = 28) = 12.95, p = 0.002, V = 0.24), which were all ergogenic aids. No sex differences were
observed for most supplement sources (all p >0.05, V <0.10; Figure 4.2B), though three male
swimmers were clinically prescribed supplements from a pharmacy, leading to a proportional

difference compared to female swimmers (y%w, n = 228) = 4.44, p = 0.035, V = 0.14).
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Figure 4.2. The supplement information sources reported by swimmers within a high-performance

swimming club based on (A) training tier, and (B) sex. * = difference between groups (p <0.05).

4.4 Discussion

The key finding from this study was that swimmers of all training ages engage in a widespread
supplement use, with swimmers at the development phase (aged 11-14 years) utilising sports
supplements at competitions, and national swimmers (aged >16 years) using an array of health and
ergogenic supplements on a more regular basis. Indeed, national swimmers reported consuming a

similar number of ergogenic and health supplements as international-level adult swimmers in previous
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research (Moreno et al., 2022; Shaw et al., 2016). Moreover, swimmers from all three training stages
reported ‘performance’ as a key motivator for supplement use, which was in accordance with other
swimming cohorts (Jimenéz-Alageme et al., 2022; Moreno et al., 2022). The prevalent use of
ergogenic aids in this study was likely due to swimmers having increasing access to sport nutrition
support as they progressed in training status, as evidenced since parents/guardians were replaced by
performance nutritionists as supplement informers in swimmers of age-group and national levels. It is
therefore prudent to suggest that supplement education could be best implemented to
parents/guardians at the development stage, in order to facilitate safe and effective supplement use

later in the swimming career.

Development swimmers all reported using nutritional supplements, with approximately four different
supplements being used across a swimming season (~1 daily, ~1-2 regularly ~1-2 occasionally).
Sports drinks were the most commonly used (95%), followed by multivitamins (50%) and protein
supplements (40-45%), which was comparable to the supplement use in adult and adolescent
swimmers of international competitive status (sports drinks: 92-100%, multivitamins: 32-46%,
protein powder: 46-58%) (Shaw et al.,, 2016a; Simi¢ & Mohorko, 2018). This early use of
supplements was mostly informed by parents/guardians (74%), who were responsible for purchasing
supplements and often supplied them to swimmers without rationale (swimmers were unsure why
they consumed 18% of all supplements). The primary motivation for supplement use in this cohort
was performance (38%), though it was unclear whether this rationale was led by parents/guardians or
influenced by swimmers while shopping with parents/guardians at grocery stores. However, the
‘performance supplements’ reported by this cohort were mostly from the sports supplement category
(96%) as opposed to ergogenic aids (4%), which was appropriate at this training age given that sports
supplements carry lower risks of side-effects and/or inadvertent doping (Garthe & Maughan, 2018).
This outcome could therefore be viewed positively as swimmers and their parents/guardians identified
nutrition as an important factor for swimming performance. Though, this should be interpreted

cautiously as a performance nutritionist provided resources to parents/guardians at the development
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level in this study, whereas other swimming parents/guardians might rely on supplement information
from coaches and the internet (Jovanov et al., 2019; Petrdczi et al., 2008). As such, it is difficult to
generalise the outcomes of this study to the wider swimming community, requiring further

investigation across multiple swimming clubs with varying levels of nutrition support.

Age-group swimmers consumed a similar number of supplements as development swimmers (~5
supplements-swimmer™), albeit with a change in their supplement choices, reasoning, and information
sources. Indeed, the percentage of swimmers using pill and powder sports supplements was increased
compared to the development group (electrolytes: +33%, protein powder: +42%), whereas more
swimmers also consumed ergogenic aids (46 vs. 5%). The use of CAF (23%), creatine (8%), beta-
alanine (8%), and BRJ (8%) were all reported, which each have strong evidence of a performance-
enhancing effect (Maughan et al., 2018), and were consumed in equal proportion to highly trained
adolescents from mixed sporting backgrounds (i.e., CAF: 19%, creatine: 25%, beta-alanine: 5%,
nitrates: 3%) (Jovanov et al., 2019). However, despite using more ergogenic aids, less age-group
swimmers used supplements for ‘performance’ compared to development swimmers (-12%), instead
citing ‘recovery’, ‘immunity’, and ‘convenience’ as motivating factors. This change was partly due to
the introduction of formal sports nutrition education, with a performance nutritionist subsequently
replacing parents/guardians as the primary source of supplement information (performance
nutritionist: +50%, parent/guardian: -34% vs. development swimmers). In turn, this may have enabled
age-group swimmers to provide more appropriate reasons for their supplement use. Based on these
findings, a transitional stage in supplement use was identified, whereby age-group swimmers become
more exposed to sport nutrition and begin trialling ergogenic aids. It is therefore imperative that a
‘performance-enhancing’ diet is not undermined, which may be supported by practical workshops that
develop food literacy and cooking skills (Shaw et al., 2014). Furthermore, strong anti-doping
messages would also be of benefit, informing swimmers and guardians of the risks of inadvertently
ingesting banned substances when using pill and powder nutritional supplements (Garthe & Maughan,

2018).
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National swimmers used an average of eight different nutritional supplements (~3 health, ~3
ergogenic, ~2 sports), which was in line with previous observations in international- and national-
level swimmers (610 individual supplements) (Moreno et al., 2022; Shaw et al., 2016a). This was,
however, higher than the total number of supplements used by age-group swimmers, most notably
since more swimmers reported using ergogenic aids (creatine: +47%, beta-alanine: +37%) and health
supplements (omega-3 fatty acids: +55%, vitamin D: +35%) on a daily basis. Moreover, national
swimmers used more ergogenic aids than age-group swimmers at competitions (CAF: +59%
NaHCOs: +36%), some of which were directly sourced from a performance nutritionist. These
supplement behaviours follow the step-like process outlined by Garthe and Maughan (2018), whereby
an increased training status is accompanied by increased access to professional competence, the use
supplements to enhance training adaptations, and more tailored use of ergogenic aids for competition.
However, performance nutritionists in this study were of greater influence compared to previous
observations in national and international swimmers (51% vs. 20-36%) (Moreno et al., 2022; Shaw et
al., 2016a). Indeed, previous studies in swimmers and other highly trained young athletes typically
cite their coach as the main supplementation informant (38-40%) (Jovanov et al., 2019; Moreno et al.,
2022), which contrasts the present study (12%). This could indicate that sport nutrition support was
more prioritised at the investigated swimming club than in others, making it unclear if these
supplement practices can be generalised across the UK swimming population. In addition, the national
swimmers in this study utilised a large number and variety of ergogenic supplements despite these yet
to have strong evidence in applied swimming settings (see Chapter 1, section 1.6); thus, supporting

the need further supplement research within this population.

Males and females both utilised a similar number of nutritional supplements, although there were sex-
based differences in the individual supplements that were used. Female swimmers were more likely to
state ‘performance’ as their primary reason for using supplements (+18% vs. males) and were
engaged with greater uses of CAF anhydrous (+29% vs. males). However, this was likely due to the

national group of swimmers consisting of a larger proportion of females (8 of 11 swimmers), which
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meant that more females would have been receiving ergogenic supplement support directly from a
performance nutritionist. In contrast, male swimmers utilised more protein-based products (enhanced
foods: +32%, bars: +17%, powder: +13% vs. females) and multivitamin preparations (+40% vs.
females), resulting in male swimmers using more supplements on a daily and regular basis. This was
in combination with more male swimmers reporting the use of supplements for ‘muscle gain’ (8% vs.
no females), which was in accordance with previous investigations in young athletes (Braun et al.,
2009; Jovanov et al., 2019; Wiens et al., 2014). In all, since there were little differences in the
supplement behaviours of male and female swimmers, these results suggest that a sex-based

differences in supplement education is not required.

A limitation of this study was that supplement interviews were based on a previously validated
nutritional supplement questionnaire (Sanchez-Oliver, 2012), which was originally produced and
validated for mass dissemination within the Spanish sports population. This therefore limited the
number of questions that were included, meaning that participants did not elucidate any information
regarding dosing strategies or whether supplements were sourced from batch-tested suppliers; both of
which are important considerations for determining whether supplements are being consumed in a
safe and effective manner (Garthe & Maughan, 2018). This could have been overcome with the
currently used interview method; hence, future investigations should consider utilising this approach
with more in-depth questioning surrounding the use of each individual supplement. Nonetheless, the
current methods were sufficient to appropriately identify general supplement practices in swimmers of

different training status.
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4.5 Conclusion

In summary, swimmers were identified as prevalent users of nutritional supplements from the
development age (aged 11-14 years) through to those performing consistently at the national level.
Development swimmers’ supplement practices were largely influenced by parents/guardians, resulting
in many sports supplements being consumed for the purpose of ‘performance enhancement’.
However, access to sport nutrition support was enhanced in swimmers at the age-group (aged 13-17
years) and national (aged >16 years) levels, which subsequently led to the influence of
parents/guardians being replaced by performance nutritionists. It was at these training stages that a
greater uptake of ergogenic aids was identified, likely requiring targeted nutrition interventions at the
age-group and national levels to ensure safe practices are being followed. Moreover, since many
ergogenic aids were used without much supporting evidence, further research in applied swimming
settings is required to understand which, if any, of these supplements can benefit the training and/or

competitive performances of highly trained adolescent swimmers.
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Chapter 5 — An Observation of the Vitamin D
Status in Highly Trained Adolescent Swimmers

During the UK Autumn and Winter Months

Chapter can be found at: Newbury, J.W., Brown, M.A., Cole, M., Kelly, A.L. and Gough, L. A.
(2023). An observation of the vitamin D status in highly trained adolescent swimmers during the UK
autumn and winter months. Physiologia, 3(3), pp.442—-450. Available at:
https://doi.org/10.3390/physiologia3030031.
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5.1 Introduction

Vitamin D is a fat-soluble vitamin with an involvement in numerous physiological processes,
including bone health, immunity, cardiac function, and skeletal muscle remodelling (Owens et al.,
2018); all of which could support long-term health and performance in swimmers. However,
obtaining an adequate vitamin D intake through dietary sources can be challenging, given that low
amounts of bioavailable vitamin D (i.e., ergocalciferol, cholecalciferol) are naturally found in foods
and beverages (Holick et al., 1977). In contrast, large quantities of vitamin D can be naturally
produced following direct sun exposure (Carlberg et al., 2013). This occurs as UVB radiation interacts
with 7-dehydrocholesterol in the skin to catalyse the formation of cholecalciferol (vitamin D3), which
is later converted into 25(OH)D in the liver (Holick et al., 1977). Although, as this process is
dependent on the UVB exposure, it is rate limited by two key factors: (a) living and training in
countries of northern latitudes (>40° N), whereby an 80-100% decrease in UVB availability occurs in
the autumn and winter months (Farrokhyar et al., 2015; Webb et al., 1988); and (b) spending large
guantities of time indoors either in training, school, and/or employment (Todd et al., 2015). This is
problematic for highly trained adolescent swimmers in the UK (latitude: 51-55° N), who do not
consume adequate amounts of vitamin D through diet (i.e., Chapter 3, section 3.3.6), and spend ~15—
20 hours-week? training at indoor swimming facilities (i.e., Chapter 3, section 3.3.1 and Chapter 4,

section 4.2.1). Thus, for this population, the use of vitamin D3 supplements is warranted.

Swimming as a sport is associated with large seasonal declines in circulating 25(OH)D
concentrations, although this can be offset with vitamin D3 supplements (i.e., Chapter 1, section
1.3.3). Indeed, Lewis et al. (2013b) showed that 4000 1U-day vitamin Dz maintained the 25(OH)D
concentrations of collegiate swimmers over an autumn and winter training period (August to March:
+2.5 nmol-L1), compared to a 31% decline when swimmers who received a PLA (-50 nmol-L?).
Similarly, Rockwell et al. (2020a) found 5000 IU-day? vitamin Ds to increase the 25(OH)D of

collegiate swimmers across an autumn training period (August to November: +9 nmol-L?), with a
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large decline observed in swimmers who ingested a PLA supplement (-40 nmol-L). Although, as the
locations (USA: 37-38° N) of these studies enabled swimmers to obtain a summer 25(OH)D >120
nmol-L?, most swimmers were able to maintain a sufficient (>75 nmol-L?) vitamin D status year-
round without needing supplements (Galan et al., 2012). This finding is not universal, however, as
66% of adolescent swimmers from Israel (31° N) were found to have insufficient 25(OH)D during the
autumn months (October: 62 + 12 nmol-L*; Dubnov-Raz et al., 2015a). Moreover, while
supplementation (2000 IU-day? vitamin Ds) increased circulating 25(OH)D across the autumn and
winter training period (October to January: +12 nmol-L?), only 48% of this cohort achieved a
sufficient vitamin D status. On the other hand, swimmers who were given a PLA supplement all
experienced 25(0OH)D declines (-11 nmol-L™?), placing them at risk of vitamin D deficiency. This
combined evidence shows that large seasonal declines in 25(OH)D are apparent in swimmers
regardless of location, although these losses may be mitigated by consuming 2000-5000 IU-day™

vitamin D3 from August to March.

The importance of vitamin D and the risks of deficiency have become well acknowledged, with a
large proportion of athletes (72-97%) recognising the possible health and performance benefits of
supplementation (Hollabaugh et al., 2022; Leitch et al., 2021; Walker et al., 2014). Despite this
greater education, however, it is currently unclear whether swimmers now adhere to supplement
recommendations, or if widespread seasonal declines in serum 25(OH)D still exist. For example,
Geiker et al. (2017) found that only 56% of adolescent swimmers in Denmark used vitamin Dj
supplements during the winter months, even though this population was at high risk of deficiency
(e.g., latitude: 55° N, indoor training volume: 30 hours-week™ of indoor training; Todd et al., 2015).
Furthermore, those that did supplement used a wide variety of vitamin Ds; dosages (mean: 2600 +
1960 IU-day™?), resulting in both supplement users (57 + 21 nmol-L™) and non-users (39 + 13 nmol-L-
1 displaying insufficient and deficient 25(OH)D concentrations, respectively. While education and
awareness of vitamin D might have improved since this 2017 study, results from Chapter 4 (section

4.3.2) suggested that only 73% of national swimmers, and 38% of age-group swimmers in the UK
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currently utilise vitamin D3 supplements, even after receiving education and individual nutrition
support. Hence, the aim of this study was to assess the serum 25(OH)D concentrations in a cohort of
UK-based, highly trained adolescent swimmers at two in-season time points: in the autumn (October),

and during the winter (January).

5.2 Methods

5.2.1 Participants

Twenty adolescent swimmers (Caucasian = 18, Black = 2) from a high-performance swimming club
in the UK volunteered for this study (Table 5.1), which an a priori power calculation determined to be
an appropriate sample size for identifying moderate effect sizes (0.50) in within-between interactions,
repeated measures ANOVA tests (two groups, two measurements) with a power >80% (input
parameters: o = 0.05, 8 = 0.80, correspondence = 0.3; G*Power, v.3.1.9.4, Universitit Dusseldorf,
Germany). All swimmers were competitive at the national and age-group levels (see Chapter 2,
section 2.1.2), and were all therefore classified as ‘highly trained” (McKay et al., 2021). Moreover,
seven swimmers from this cohort had recently represented their nations at junior international
competitions. At the time of the study, swimmers were completing between 5-9 pool and 2-5 gym-
based training sessions-week* at their training facility in the West Midlands (latitude: 52° N), where
they remained throughout the observation period. Informed consent was given prior to the study by all
participants, as well their parents/guardians if aged under 18 years. This study was granted ethical
approval by BCU (Newbury/7594/R(B)/2020/Aug/HELS FAEC) in accordance with the Declaration

of Helsinki.
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Table 5.1. Characteristics of the study participants.

Swimmers Age (years) Height (m) Body Mass (kg) WA points*
Male (n = 8) 18+2 1.80+0.04 72.6+83 705 £ 83
Female (n = 12) 16 £2 1.70+0.09 62.1+6.9 690 £ 55
Combined (n = 20) 17+2 1.74 +0.09 66.3+9.0 696 * 66

* Mean WA points for the swimmers’ best swimming stroke and distance in a 50 m pool.

5.2.2 Experimental Procedures

Based on the adolescent cohort, dried blood spot cards were used to determine serum 25(OH)D
concentrations in accordance with the previously described methods (Chapter 2, section 2.2.4). In
brief, all swimmers placed four fingertip capillary blood drops (~50-75 L) onto a filter paper, which
was allowed to dry before being sent to an independent laboratory (Sandwell & West Birmingham
Hospitals NHS Trust, Birmingham, UK) for LC-MS/MS analysis. This process was completed in the
first week of October (autumn; one month into the swimming season), and the first week of January

(winter; four months into the swimming season).

For ethical and performance reasons, all swimmers and their parents/guardians were given basic
information regarding the importance of vitamin D prior to the winter months as part of their ongoing
sports nutrition support (see Chapter 2, section 2.1.4). This was delivered by the lead researcher to all
swimmers as part of a classroom-based presentation (~20 min), whereas parents/guardians were sent
the presentation slides electronically via a group instant messaging application (WhatsApp, Menlo
Park, CA). Within the slides was the recommendation to supplement with 2000-5000 IU-day*
vitamin D3 from October until March based previous research (Dubnov-Raz et al., 2015a; Lewis et al.,
2013b; Rockwell et al., 2020a). Following the winter (January) measurement of 25(OH)D, swimmers
were asked whether they had taken any vitamin D3 supplements over the study timeframe, to which

10 swimmers positively responded but with varying doses (2 x 400 1U-day, 1 x 1000 IU-day?, 1 x
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2000 IU-day?, 5 x 2500 IU-day?, 1 x 4000 IU-day?). Conveniently, a sub-group analysis of

supplementing (VITD) versus non-supplementing (NONE) swimmers was included in the results.

5.2.3 Statistical Analysis

All statistical analyses were carried out in line with the descriptions in Chapter 2 (section 2.5.2). A 2 x
2 repeated measures ANOVA was used to determine main effects of time for the whole group of
swimmers (October vs. January), as well as group level interactions between the VITD (n = 10) and
NONE (n = 10) sub-groups. Effect sizes are reported as Pn? for the ANOVA test and g for pairwise
comparisons (for interpretations, see Chapter 2, section 2.5.2). A SWC in 25(0OH)D concentration of
4.3 nmol-L* was calculated by multiplying the SD of the initial October data set by 0.2 (Bernards et

al., 2017). All data are reported as mean + SD. Statistical significance was set at p <0.05.

5.3 Results

At the group mean level, 25(OH)D concentrations reduced by 13% from October (86 + 26 nmol-L™)
to January (75 + 36 nmol-Lt), but this decline did not reach statistical significance (F = 3.4, p = 0.082,
Pn? = 0.16). However, large individual variances in serum 25(0OH)D were observed at both the
October (range: 46-124 nmol-L, CV: 30%) and January time points (range: 31-172 nmol-L?, CV:
49%), which masked the changes taking place at the individual level. Overall, 16 swimmers (80%)
experienced changes in serum 25(0OH)D that exceeded the SWC, including 12 swimmers (60%) who
experienced declines (range: -6 to -63 nmol-L1) and four swimmers (20%) who experienced increases
(range: +10 to +52 nmol-Lt). Based on these individual changes, there was an increase in the number
of swimmers who developed an insufficient vitamin D status (October = 8 vs. January = 14),
including a greater number of swimmers who could be classified as deficient (October = 2 vs. January

=5),
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5.3.1 Sub-Group Analysis

The highly variable changes in vitamin D status observed at the group level were due to differences in
supplement intakes (F = 7.4, p = 0.014, Pn? = 0.29; Figure 5.1). While there was little difference
between sub-groups in October (VITD: 92 + 25 nmol-L™* vs. NONE: 80 + 25 nmol-L?, p =0.228, g =
0.47), the NONE sub-group experienced a significant decline in 25(0OH)D by January (mean change: -
27 + 20 nmol-L?, p = 0.005, g = 1.24), whereas no change occurred in the VITD group (mean change:
+5 + 31 nmol-L?, p = 0.544, g = 0.15). This resulted in a large difference between the two sub-groups
at the January time point (VITD: 97 + 38 nmol-L* vs. 53 &+ 15 nmol-L?, p = 0.005, g = 1.47). Nine
swimmers in the NONE had a decline in serum 25(OH)D above the SWC, resulting in all of this sub-
group having insufficient or deficient vitamin D in January (Table 5.2). In contrast, variable 25(OH)D
changes occurred in the VITD group (four increased, three maintained, three declined), which likely

occurred because of the variable supplement strategies.

Table 5.2. Individual changes in serum 25(OH)D concentration from October to January in swimmers

based on their reported vitamin D3 supplementation.

NONE VITD
Swimmer Vitamin Daidose C%cigggr Swimmer Vitamin Dsidose C?cf[:)%r:r
(1U-day™) (nmol-L?) (1U-day™) (nmol-LY)

1 0 -26.3 11 400 -5.4
2 0 -53.2 12 2500 +25.0
3* 0 -53.0 13 4000 +41.9
4 0 -54.6 14 2000 +9.5
5 0 -23.8 15 2500 -3.7

0 -5.5 16 1000 -62.9
7* 0 -19.9 17 2500 +3.1
8 0 +1.0 18 2500 +52.0
9 0 -14.3 19 2500 -6.3
10 0 -19.9 20 400 -1.4

VITD = Vitamin D3 supplementing sub-group. NONE = Non-supplementing sub-group. A = absolute change in
serum 25(0OH)D from October to January. SWC = 4.3 nmol-LL. * = swimmer of Black ethnicity.
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Figure 5.1. Individual changes in serum 25(OH)D concentration from October to January in
swimmers who reported using vitamin D3 supplements (VITD) or no supplements (NONE) over the
study timeframe. Black line represents sub-group means. * = between or within group differences (p
<0.05). Dotted lines represent vitamin D thresholds: <25 nmol-L* = severely deficient; 25-49 nmol-L-
1 = deficient; 50-74 nmol-L* = insufficient; >75 nmol-L* = sufficient (Holick et al., 2011).

5.4 Discussion

This was the first study to observe a seasonal change in the vitamin D status of highly trained
adolescent swimmers in the UK. A concerning finding was that only 60% of swimmers displayed a
sufficient vitamin D status in October, which was approximately one month following a summer
break from training. Moreover, all swimmers were advised to supplement with 2000-5000 1U-day*
across the autumn and winter months in accordance with previous research (Dubnov-Raz et al.,

2015a; Lewis et al., 2013b; Rockwell et al., 2020a), although only 50% of the swimmers adhered to
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this recommendation. This resulted in highly variable changes in serum 25(OH)D occurring across the
study timeframe, with swimmers either increasing (n = 4), maintaining (n = 4), or declining (n = 12)
in vitamin D status. Importantly, the majority of swimmers who experienced 25(OH)D declines were
identified in the sub-group who reported using no vitamin D3z supplements (n = 9), resulting in all
swimmers in this sub-group having an insufficient (60%) or deficient (40%) vitamin D status at a
mid-season winter time point. These results support the requirement for all swimmers in the UK to
utilise vitamin D3 supplements, although further research is needed to identify methods to increase

swimmer adherence to the recommendations.

From a group mean perspective, highly trained adolescent swimmers maintained a sufficient vitamin
D status at both October and January time points; however, this analysis masked that 80% of the
cohort experienced changes in 25(OH)D that exceeded the SWC (4.3 nmol-L?). This failure to
detect whole group changes in vitamin D status occurred since 50% of cohort avoided using vitamin
D; supplements in the autumn and winter months, whereas the other 50% used vitamin Ds;
supplements of varying doses (400-4000 IU-day™?). This was in accordance with research by Geiker
et al. (2017), who also identified that highly trained adolescent swimmers do not adhere to supplement
recommendations, which in turn, resulted in a large proportion of swimmers developing an
insufficient or deficient 25(OH)D across the winter months. Indeed, based on whole group data, 70%
(n = 14) of this UK-based cohort were found to have insufficient vitamin D in January, including 25%
(n = 5) who were deficient; supporting similar research in adolescent swimmers (Dubnov-Raz et al.,
2015a). This could have important practical implications considering that insufficient vitamin D is
associated to impairments in muscle function, recovery, and immunity (Owens et al., 2018); which is
an area for further research in swimming populations. It should also be considered that this study only
investigated 25(OH)D changes between October and January, thus it is plausible that greater declines
in vitamin D status might have occurred if the experimental window was extended across the entire
swimming season (Lewis et al., 2013b). Based on these results, highly trained adolescent swimmers in

the UK should consider following standardised vitamin D3 supplement protocols from October until
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March (Dai et al., 2021); although given the variable doses used in this study, the exact dose remains

unclear.

While the use of vitamin Ds; supplements were mostly found to preserve 25(OH)D concentrations
during the autumn and winter months, variable effects were observed with some doses. For example,
supplementing with 2500 IU-day* was thought to be an appropriate dose for adolescent swimmers
(Dubnov-Raz et al., 2015a), but upon taking this amount, serum 25(OH)D either increased (n = 2),
maintained (n = 2), or declined (n = 1). Such variable responses to this dose may have occurred due to
some swimmers: (a) increasing or decreasing their dietary vitamin D and calcium intakes (Lips,
2012); (b) changing their habitual UVB exposure (e.g., tanning beds; Tangpricha et al., 2004); and/or
(c) failing to adhere to their reported supplement intake (Hollabaugh et al., 2022). However, these
potential explanations are all speculative given these confounding factors were not monitored.
Nonetheless, these results support the findings of Dubnov-Raz et al. (2015a), who also found that a
2000 IU-day? strategy was only effective in 48% of adolescent swimmers. In contrast, vitamin Ds
doses >4000 IU-day? are thought to maintain a sufficient 25(OH)D more consistently than 1000—
2000 1U-day* doses (Lewis et al., 2013a; Mazahery & von Hurst, 2015), suggesting the standardised
ingestion of higher vitamin Dz doses (4000-5000 1U-day') may be a more appropriate when lifestyle
factors are unknown (e.g., dietary intakes, UVB exposure). Such doses are well below the ‘no
observed adverse effect level’ of 10,000 IU-day* and are considered safe for children and adolescents

(Brustad et al., 2022; Hathcock et al., 2007).

Due to the variable vitamin D3 supplement intakes that were observed, the importance of nutrition
education is also highlighted. All swimmers in this study received a ~20 min classroom-based
education session regarding the roles of vitamin D and the challenges of maintaining vitamin D status
in the winter, including a specific recommendation to supplement with 2000-5000 1U-day* vitamin
D3 from October until March (Dubnov-Raz et al., 2015a; Lewis et al., 2013b; Rockwell et al., 2020a).

In addition, all parents/guardians received the educational material electronically, including the
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supplement advice. However, this education method only resulted in 35% (n = 7) of swimmers
reporting the use of vitamin D3 supplements within the recommended range. Interestingly, this low
adherence to vitamin D3 supplement recommendations is commonplace, with many athletes either not
perceiving themselves at risk of deficiency (Leitch et al., 2021), lacking appropriate supplement
knowledge to confidently buy the correct supplements (Walker et al., 2014), and/or not valuing the
cost of vitamin Dz supplements as a worthwhile investment (Rockwell et al., 2020b); all of which
point towards a flaw in the current methods used to transfer practical nutrition knowledge to athletes.
Indeed, previous work in this cohort has identified that 20-30 min classroom-based education
sessions increased sport nutrition knowledge (Foo et al., 2021), though whether this knowledge
translates into meaningful dietary changes remains less clear (Heaney et al., 2011). Alternatively,
future education strategies might have greater success at improving practical nutrition behaviours by
co-educating athletes alongside their parents/guardians, coaches, and support networks (Phillippou et
al., 2017); especially since swimmers are likely to be reliant on their parents/guardians to purchase

and administer vitamin D3 supplements.

A limitation of this study was the use of dried blood spot cards, which were selected based on
logistical and ethical considerations with this study cohort (Fryer et al., 2014). Previous research of
vitamin D status in swimmers has analysed venous blood samples, given that 25(OH)D is largely
found in the plasma (Dubnov-Raz et al., 2015a; Geiker et al., 2017; Lewis et al., 2013b; Rockwell et
al.,, 2020a). However, this method requires specialist equipment and expertise to perform
venepuncture on adolescents, followed by the timely transportation of blood to a processing
laboratory that was not possible in this study (Binks et al., 2021). The alternate use of blood spot cards
meant that 25(OH)D was analysed from whole capillary blood collected from the fingertip, which had
to be corrected to account for sex-specific haematocrit levels (Heath et al., 2014). This process often
results slightly lower 25(OH)D concentrations than found in plasma (~1.7-8.0 nmol-L™), although the
agreement between both measures is generally good (Heath et al., 2014; Larkin et al., 2011; Man et

al., 2019). Therefore, while this study’s classification of swimmer’s vitamin D status should be
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interpreted cautiously, the absolute changes in serum 25(OH)D that were observed were thought to be
reliable. A second limitation was that the participant cohort was predominantly of Caucasian
ethnicity, making it difficult to adequately assess the 25(OH)D changes experienced by Black
swimmers. Interestingly, both Black swimmers displayed deficient 25(OH)D at the winter time point
(participant 5: 84.0 to 31.0 nmol-L™; participant 17: 57.3 to 37.4 nmol-L™); although neither of these
swimmers utilised vitamin Ds supplements, nor were these declines any greater than those
experienced by Caucasian swimmers, thus requiring further research in swimmers of ethnic

minorities.

5.5 Conclusion

Overall, this study showed that highly trained adolescent swimmers in the UK are at risk of seasonal
declines and insufficient 25(OH)D concentrations during winter months, highlighting potential risks
to health and performance during this time. A secondary finding was that swimmers did not adhere to
supplement recommendations, with only 50% of the cohort reporting the use of vitamin D3 across the
study timeframe (which were also highly variable in the doses used). Nonetheless, this supplementing
sub-group better preserved their vitamin D status versus non-supplement users, supporting the use of
standardised supplementation strategies for all swimmers across the autumn and winter training
periods. Further research may therefore be required to develop contemporary vitamin D education

strategies to improve adherence to supplement recommendations.
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Chapter 6 — The Effects of Caffeine on
Swimming Time-Trial Performances in the

Evening, and the Next Morning After Sleep

Chapter can be found at: Newbury, J.W., Saunders, B. and Gough, L.A. (2022). Evening caffeine did
not improve 100-m swimming time trials performed 60 min post-ingestion or the next morning after
sleep. International Journal of Sport Nutrition and Exercise Metabolism, 32(6), pp.453-461. Available

at: https://doi.org/10.1123/ijsnem.2022-0042.
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6.1 Introduction

Caffeine is the most commonly used ergogenic aid by swimmers, with approximately 49-54% of
swimmers at the national and international levels reporting its use (Moreno et al., 2022; Shaw et al.,
2016). Interestingly, this intake may be higher in the UK swimming population, such that 82% of
national swimmers (aged >16 years) and 23% of age-group swimmers (aged 13-17 years) declared its
use at competitions (see Chapter 4, section 4.3.2), supporting the notion that adolescents perceive
ergogenic supplements as critical for their performance and are willing to consume them despite
knowing the potential health risks (Jovanov et al., 2019). However, the use of CAF by adolescent
swimmers may be justified considering that: (a) they may already be consuming a performance-
enhancing diet (i.e., Chapter 3); and (b) their swimming careers can be very short, often resulting in
attrition from the sport before reaching adulthood (Monteiro et al., 2017). Discouragement of CAF
may therefore be counterintuitive, and instead research should focus on identifying safe and effective

ways for CAF to be used by adolescent swimmers to further their swimming careers.

A daily CAF ingestion of 3 mg-kg BM-day™ is currently thought to be safe for adolescents (ESFA,
2015), enabling a small-to-moderate bolus dose (i.e., 3 mg-kg BM™) to be supplemented for training
and competition performances. The mechanisms of CAF have previously been discussed in detail
(Chapter 1, section 1.5.1); though in short, it is generally accepted that the key ergogenic action
occurs through adenosine antagonism (Guest et al., 2021). Indeed, by blocking adenosine receptor
binding sites, CAF can decrease perceptions of tiredness and pain, as well as increase alertness and
arousal (Davis & Green, 2009); both of which can increase exercise performance. This effect is
thought to be more pronounced in athletes who habitually consume low CAF intakes (Pickering &
Kiely, 2019b), such as those observed in highly trained adolescent swimmers (i.e., ~0.1 mg-kg BM"
L.day!; Chapter 3, section 3.3.7). A second consideration is that CAF is associated with adverse side-
effects, which appear to increase with higher doses (>6 mg-kg BM*, Graham & Spriet, 1995; Pasman

et al.,, 1995). Such symptoms include tachycardia, anxiety, headaches, jitters, and over arousal
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(S6kmen et al., 2008); which could all negate swimming performance at competitions. For example,
swimmers who already experience pre-race anxiety might have their feelings exacerbated with CAF
supplementation, whereas over-arousal and/or jitters could result in a reduction in skill-based
movements (i.e., starts and turns) that lead to disqualification (Guest et al., 2021). Therefore, based on
the low habitual intakes and the apparent safety of 3 mg-kg BM*-day? doses for adolescents, this

CAF strategy is thought to be safe and effective for improving competition swimming performances.

Despite CAF being highly popular amongst swimmers, there is currently limited evidence to support
its use as ergogenic aid (see Chapter 1, section 1.5.1). This is particularly true in the case of
adolescents, as only Collomp et al. (1992) have showed a performance benefit in regional-level
swimmers (age: 17 + 2 years). This occurred across 2 x 100 m time-trial performances with 20 min
passive recovery (vs. PLA: +0.04 m-s, g = 0.82 and +0.06 m-s*, g = 1.23, respectively); although,
this feat was only achieved when exceeding the ESFA safety recommendation (~4 mg-kg BM™?).
Alternatively, another study found that regional-level adolescents (age: 14 + 1 years) received no CAF
benefits when 3 mg-kg BM™ was ingested prior to a 400 m time-trial (-3.6 s, g = 0.08; Azizimasouleh
et al., 2014). However, this lack of effect was likely due to CAF being ingested just 30 min before
exercise, which is a suboptimal ingestion strategy (Maughan et al., 2018). All other CAF research has
been conducted in adults, finding equivocal results in short-distance swimming (i.e., 45-75 m) time-
trials with 3 mg-kg BM™* CAF (Goods et al., 2017; Lara et al., 2015; Vanata et al., 2014). On the other
hand, middle- (i.e., 200 m; Pruscino et al., 2008) and long-distance (1500 m; Maclntosh & Wright,
1995) swimming events appeared to be enhanced by CAF, albeit with doses twice the ESFA safety
guideline (6 mgkg BM™). Combined, the current evidence shows CAF to have ergogenic potential for
most competitive swimming distances (i.e., 100-1500 m; Grgic, 2022); yet further research is
required with smaller CAF doses before this supplement can be recommended as an efficacious

ergogenic aid for highly trained adolescents.
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A factor that has consistently been overlooked in research involving CAF and swimming is its effects
on sleep, which is an important consideration given that competitions are typically held over 3-7
days. Indeed, CAF has a half-life lasting approximately 4-6 hours post-ingestion (Guest et al., 2021),
potentially delaying tiredness and causing insomnia if ingested before evening performances (Dunican
et al., 2018; Ramos-Campo et al., 2019). This is concerning from a recovery perspective, where high
levels of performance are required in morning heats, as well as evening finals (Shaw et al., 2014). It is
therefore claimed that a strategic trade-off between sleep and CAF needs to be made when preparing
for competitive swimming finals. However, whether these purported side-effects are experienced by
highly trained adolescent swimmers are yet to be determined, especially when low-to-moderate CAF
doses are consumed. The purpose of this research was therefore to investigate the effects of 3 mg-kg
BM™ CAF on: (a) the evening 100 m swimming time-trial performance of highly trained adolescents;
(b) the subjective side-effects and sleep parameters following ingestion; and (c) performance in a

follow-up 100 m swimming time-trial performed the next morning.

6.2 Methods

6.2.1 Participants

An a priori power calculation (input parameters: repeated measures ANOVA test for within-between
interactions, two groups, two measures; o = 0.05; B = 0.80; correspondence = 0.95, based on
repeatability data presented in section 6.2.3) determined that a sample of size of eight swimmers was
required to identify a small effect size (0.20) in 100 m swimming performance with a power of 84%
(G*Power, v.3.1.9.4, Universitat Disseldorf, Germany). Twelve national swimmers from a high-
performance swimming club originally volunteered for this study, who were all aged >16 years and
classified as ‘highly trained’ (see Chapter 2, section 2.1.2). However, due to strict logistical and time
challenges (i.e., pool availability morning and evening, altering the training regime of highly trained
swimmers), four swimmers were not able to complete all data collection trials and were subsequently

excluded from analysis. Resultantly, this study utilised a final study sample of eight highly trained
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adolescent swimmers (five males, three females, age: 18 + 1 years, body mass: 69.4 + 6.4 kg, height:
1.76 £ 0.06 m, WA points for best 100 m event: 668 + 81), who were all swimmers were completing
eight pool (swimming volume: 42.7 + 0.9 km-week™) and four land-based training sessions-week™
(training time: 20.5 + 1.2 hours-week™) during the experimental period. Written informed consent was
provided by all swimmers (and their parents/guardians if under the age of 18 years). Ethical approval
was granted by BCU (Newbury/9797/R(B)/2021/Oct/HELS FAEC) in accordance with the

Declaration of Helsinki.

6.2.2 Pre-Experimental Procedures

The study took place during the swimmers’ normal training regime (evening: 17:30-20:30 PM,
morning: 04:45-07:00 AM). In consideration of swimming pool availability and the education
commitments of the adolescent swimming cohort, these were the nearest possible times to replicate
finals (18:00-20:00 PM) and heats (09:00-12:00 AM) at swimming competitions. Swimmers were
requested to follow the pre-experimental dietary and activity controls as per Chapter 2 (section 2.1.4).
Dietary records showed that low CAF intakes were consumed by all swimmers in this study (<50
mg-day?), consistent with the low habitual intakes reported in Chapter 3, section 3.3.7 (0.1 + 0.2
mg-kg BM*-day?). Despite this, all swimmers reported the occasional ingestion of 100-450 mg CAF
during competitions, which equalled to relative supplement doses ranging from 1.3-5.9 mg-kg BM™,
No swimmers reported ingesting creatine or beta-alanine in the six months preceding the study. The
familiarisation trial identified that swimmers were performing at 99% of their personal best 100 m

swimming times.

6.2.3 Experimental Procedures

This study involved two experimental trials in a randomised, double-blind, and crossover design.

Upon arrival at the training venue (time: 17:30 PM), each swimmer engaged in five min seated rest
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before giving a 5 pL sample of capillary blood from the fingertip to assess resting blood La
concentration (Lactate Pro 2, Arkray, Kyoto, Japan). The swimmers were then presented with a VAS
to quantify baseline perceptions of nine psychological (mood, alertness, tiredness, anxiety, readiness
to exercise) and physiological (tachycardia, jitters, headache, stomach upset) side-effects associated
with CAF ingestion (Guest et al., 2021; S6kmen et al., 2008), which were completed in accordance
with Chapter 2 (section 2.3.1). Following baseline measures, swimmers were then given a single
hydroxypropyl methylcellulose capsule (size 00, Bulk Powders, Colchester, UK) consisting of either 3
mg-kg BM?® CAF (anhydrous powder; Bulk Powders, Colchester, UK) or a cornflour PLA (ASDA,
Leeds, UK). Capsules were created and randomised by a sport and exercise technician, and were

administered to swimmers 60 min before the evening time-trial by the lead researcher.

Swimmers then prepared for exercise between 17:45-18:55 PM by first engaging in a self-selected,
land-based warm-up (~10-20 min). Afterwards, all swimmers entered a 25 m pool for a 30 min
standardised swimming warm-up that was prepared by the head coach. Further details of the warm-up
procedures can be found in Chapter 2 (section 2.4.1). The remaining 10-20 min of the 60 min
ingestion window was spent changing into race suits, in passive rest, and/or in pre-race activation
work (3-5 min before exercise). Swimmers were then instructed to swim a 100 m distance as quickly
as possible in their specialist stroke (i.e., four freestyle, two breaststroke, one backstroke, one
butterfly). After the evening time-trial was complete, all swimmers completed a 30 min cool-down
consisting of low-intensity, aerobic swimming. To maximise competitiveness, each time-trial was
performed in two ‘heats’ of four swimmers based upon their 100 m personal best times. All warm-

ups, heats, and swimming lanes were recorded and kept consistent for each subsequent time-trial.

The exact same routines were followed the next morning in preparation for a follow-up 100 m
swimming time-trial (time: 04:45-05:55 AM). No CAF was supplemented in the morning to assess
the possible effects that evening supplementation had on next-day performances. During both trials,

swimmers were asked to predict which supplement they had ingested: (a) immediately after the
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evening time-trial: and (b) in preparation for the morning time-trial. An analysis of this cohort’s past
data suggesting that this cohort had a high test-retest reliability in 100 m swimming time-trials (CV:
0.6-1.6%), with an ‘excellent’ reproducibility over their previous four attempts (ICC: r = 0.984, p

<0.001) (Atkinson & Nevill, 1998; Koo & Li, 2016).

6.2.4 Experimental Measures

Swimming was timed by two experienced swimming coaches and the mean of both times was used as
the performance measure. Ratings of perceived exertion (RPE) for the whole body were collected
immediately after the warm-ups (WARM-UP PM, WARM-UP AM), and after each 100 m swimming
time-trial (100 m PM, 100 m AM) using a CR10 Borg scale (Borg, 1998). The previously described
methods to collect blood La  and perceptual side-effects (section 6.2.3) were conducted at seven time
points: resting baseline on the evening (BASE PM); immediately after the evening pool warm-up
(PRE-TT PM); immediately after the evening 100 m time-trial (POST-TT PM); immediately after the
evening cool-down (COOL-DOWN PM); at rest in the morning (BASE AM); immediately after the
morning warm-up (PRE-TT AM); and immediately after the morning 100 m time-trial (POST-TT

AM).

6.2.5 Subjective Sleep Parameters

All swimmers were requested to follow their normal sleep routines, environments, and timings
throughout the duration of the study. Upon waking on the morning of the experiment, swimmers
completed an electronic adaptation of the CCSD (Carney et al., 2012), which is discussed in greater
detail in Chapter 2 (section 2.3.3). In short, the questionnaire involved six short-answer guestions and
one 1-5 Likert scale for subjective sleep quality, which together gave the following subjective
information: (a) bedtime; (b) intended time to fall asleep; (c) sleep latency; (d) time awake in the

night; (e) wake up time; (f) out of bed time; (g) total time in bed; (h) total sleep time; (i) sleep
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efficiency; and (j) sleep quality. Questionnaires were completed twice per experimental trial: the night
before the evening 100 m time-trial (night one, control), and the night of the evening 100 m time-trial
(night two, experimental). Answers to the questionnaires were followed up with the swimmers during

measurements at BASE PM and BASE AM to confirm the accuracy of reporting.

6.2.6 Statistical Analysis

All statistical tests were carried out in accordance with Chapter 2 (section 2.5.2). A 2 x 2 repeated
measures ANOVA was used to determine CAF and PLA interactions for 100 m time-trial
performances (100 m PM, 100 m AM) and all sleep variables (night one, night two). A 2 x 4 repeated
measures ANOVA was used to analyse differences in RPE (WARM-UP PM, WARM-UP AM, 100 m
PM, 100 m AM). A 2 x 7 repeated measures ANOVA was conducted to identify changes in blood La
and all physiological and psychological side-effects across the study timeframe (BASE PM, PRE-TT
PM, POST-TT PM, COOL-DOWN PM, BASE AM, PRE-TT AM, POST-TT AM). Effect sizes are
reported as Pn? for all ANOVA tests, whereas g was calculated and reported for all pairwise
comparisons (for interpretations, see Chapter 2, section 2.5.2). A SWC in 100 m time-trial
performance was determined to be 1.5 s, which was calculated by multiplying the SD in the PLA
condition x 0.2 (Bernards, et al., 2017). Reported time data were quantified for sleep analysis. This
involved translating hours into whole numbers out of 24 (e.g., 9 PM = 21.00), and translating min into
decimals by dividing by 60 (e.g., 20 min = 0.33). Test-retest reliability for 100 m performance was
calculated using CV, whereas reproducibility was analysed via ICC (Chapter 2, section 2.5.3). All

data are reported as mean £ SD. Statistical significance was set at p <0.05.
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6.3 Results

6.3.1 Swimming Performance

No differences were observed in mean 100 m time-trial performances across the study timeframe (F =
0.1, p = 0.911, Pn?<0.01; Figure 6.1), resulting in trivial effect sizes being calculated for CAF versus
PLA performances at 100 m PM (59.5 + 7.8 svs.59.9+7.95s,g=0.07) and 100 m AM (59.7 £ 7.7 s
vs. 60.2 £ 7.9 s, g = 0.06). Only one swimmer had a performance difference exceeding the SWC,

which was achieved during 100 m PM following CAF ingestion (59.0 s vs. 60.6 s).
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Figure 6.1. Individual and mean 100 m swimming time-trial performances in the evening (100 m PM)

and following morning (100 m PM) after CAF or PLA ingestion.

6.3.2 Physiological and Perceptual Measures

Blood La production did not differ between CAF or PLA conditions at any time point (F = 0.7, p =

0.649, Pn? = 0.09; Figure 6.2), with only trivial or small effect sizes being produced (all g <0.50).
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Moreover, no differences were observed in the swimmers’ RPE scores (F = 0.4, p = 0.757, Py? =
0.05), including at WARM-UP PM (CAF: 4.5 £ 1.1 units vs. PLA: 4.5 £ 1.3 units, g = 0.00), WARM-
UP AM (4.0 £ 0.8 units vs. 4.3 £ 1.0 units, g = 0.31), 100 m PM (CAF: 9.5 + 0.8 units vs. PLA: 9.5
0.8 units, g = 0.00), and 100 m AM (9.5 £ 0.8 units vs. 9.9 £ 0.4 units, g = 0.60); although a moderate

effect size was calculated for the latter time point.
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Figure 6.2. Group mean changes in blood La" concentration across the study timeframe.

6.3.3 Perception of Side-Effects

No CAF versus PLA effects occurred across the seven sampling time points for the perceived ratings
of tachycardia (F = 0.4, p = 0.859, Py? = 0.06), jitteriness (F = 0.4, p = 0.888, Pn? = 0.05), stomach
upset (F = 1.0, p = 0.456, Pn?=0.12), or headaches (F = 0.4, p = 0.635, Py?>= 0.06) (Figure 6.3). One
occurrence of severe stomach upset was reported, which appeared to occur after exercise and
overnight following CAF ingestion (COOL-DOWN PM: CAF = 7.6 units, PLA = 4.4 units; BASE

AM: CAF = 9.8, PLA = 1.7 units).
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Figure 6.3. The subjective ratings of A) tachycardia, B) stomach upset, C) headache, and D)
jitteriness experienced by swimmers across the study timeframe. Subjective ratings out of 10 arbitrary

units, where 0 = ‘no symptom’ and 10 = ‘very severe symptom’.

Similarly, no supplement effects occurred within the subjective psychological side-effects of anxiety
(F=0.9, p = 0.486, Pn? = 0.12), tiredness (F = 0.9, p = 0.497, Pn? = 0.12), alertness (F = 0.2, p =
0.959, Pn? = 0.03), readiness to exercise (F = 1.6, p = 0.168, Py?= 0.19), or mood (F = 1.0, p = 0.451

Pn?=0.12) (Figure 6.4).
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Figure 6.4. The subjective ratings of A) anxiety, B) tiredness, C) readiness to exercise, D) alertness,
and E) mood experienced by swimmers across the study timeframe. Subjective ratings out of 10

arbitrary units, where 0 = ‘no symptom’ and 10 = ‘very severe symptom’.
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6.3.4 Subjective Sleep Parameters

No differences were observed in any subjective sleep variable following evening CAF or PLA
ingestion (Table 6.1). During night two, however, moderate and large effect sizes were calculated in
the mean CAF versus PLA differences for bedtime (+23 min, g = 1.10), time intended to fall asleep
(+19 min, g = 0.61), sleep latency (+14 min, g = 0.50), total time spent in bed (-26 min, g = 1.09), and
total sleep time (-32 min, g = 0.71). An observation of all data showed that main effects occurred for
time between night one and night two, with night two having an earlier wake up time (-3 hours 45
min, F = 49.8, p <0.001, Py?= 0.88), an earlier time to leave bed (-3 hours 58 min, F = 55.0, p <0.001,
Pn?=0.89), a longer sleep latency (+16 min, F = 9.5, p = 0.018, Pn?= 0.58), less overall time in bed (-
4 hours 10 min, F = 32.3, p = 0.001, Pn?=0.82), less time spent asleep (-3 hours 36 min, F =35.3, p =

0.001, Pn?=0.84), and reduced sleep quality (-1.0 units, F = 16.0, p = 0.005, Py?= 0.67).

Table 6.1. Sleep parameters for the night one (before) and night two (after) of the experimental trials.

Night One Night Two )
Sleep Parameter Interaction
CAF PLA CAF PLA

Bedtime . . . . . . . F=0.5 p=0.483,
(hemin) 2158+ 1:39  21:55+0:25 22:20+0:12  21:58+0:24 Pore 0,07
Intend to sleep 2255+ 030 22:30£0:23 22:36+0:20 22:17+0:32 09 P=0376,
(h:min) Ppc=0.11
Sleep latency F=0.8, p=0.395,
mim) 19 + 26 21+19 43 +29 29 +24 Py?e 0.1
Awake in the night F=1.7,p=0.240,
(min) 20 + 41 5411 2+4 6+8 Py?e 0.19
Wake up time 08:17+1:22 07:35+2:19 04:10+0:08 0413+0:10 & 07 P=0426,
(h:min) Pn“=0.09
Out of bed time 08:41+129 07:47+2:25 0414+007 0417+008 & -0 P=0356,
(h:min) Ppc=0.12
Totaltimeinbed 163,500 952+2:37 555+017  6:19+024 |18 p=0218,
(h:min) Ppc=0.21
Total sleep time 844+1:20 8394210 04494034 520+049 |03 P=0574
(h:min) Ppc=0.05
Sleep efficiency F=0.1,p=0.781,
0%) 833146  81.4+82 88.1+65  844+103 Pye 001
Sleep quality F=0.4,p=0.563,
) 41+04 42406 33409 3.0+05 Prte 0,05
Mean + SD.
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6.3.5 Participants and Supplement Predictions

Of the four swimmers who did not complete all data collection, three were uncontrollable by this
study (one injury, one illness, one change in education schedule). The final swimmer had to be
excluded from the study due to oversleeping and missing the morning experimental trial following
CAF ingestion (reported sleep time: 03:15-10:30 AM, sleep latency: 195 min), which might have
been related to the supplement ingestion. Only the eight swimmers who completed all trials predicted

their supplement ingestion, with correct predictions only occurring on 38% of occasions.

6.4 Discussion

The purpose of this study was to investigate the effects of a small-to-moderate CAF dose (3 mg-kg
BM1) on the evening swimming performances of highly trained adolescent swimmers, and whether
this supplementation had carryover effects on subjective sleep and next-day performances. In contrast
to previous work, CAF did not improve 100 m swimming time-trial performance (Collomp et al.,
1992), nor did it induce any significant effects on side-effects or sleep compared to a PLA supplement
(Dunican et al., 2018; Ramos-Campo et al., 2019). Moreover, there did not appear to be any
difference in 100 m time-trial performance between the evening and morning trials, suggesting that
neither CAF nor total sleep (i.e., ~8-9 hours on night one vs. ~4-6 hours on night two) are critical

factors for short-distance swimming performance in adolescents; at least over one night.

The ingestion of a CAF dose thought to be safe for adolescents (3 mg-kg BM™) had no ergogenic
benefits to 100 m swimming performance. This directly contrasts previous research, where trained
adolescent swimmers improved their 100 m time-trial swimming speeds after ingesting 4 mg-kg BM*
CAF (Collomp et al., 1992). The difference in study outcomes potentially lied in the different dosing
strategies used, such that the larger dose used by Collomp et al. (1992) may have been necessary to

activate both central and peripheral ergogenic mechanisms to enhance performance (Spriet, 2014).
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Indeed, Collomp et al. (1992) also observed greater post-exercise increases in blood La than the
present study, a change that could infer that swimmers either: (a) had a greater glycolytic energy
contribution (Nevill et al., 1989); (b) experienced a delay in fatigue due to muscular Ca*" and K*
movements (Guest et al., 2021); and/or (c) gave a greater effort after experiencing more intense CAF
side-effects (Shabir et al., 2018); though as neither of these potential mechanisms were measured
directly, the actual reason for the differing performance outcomes remains unclear. Alternatively, the
highly trained swimmers in this study were not blinded of their performance times, giving them a
motivational target that may have been achievable with or without CAF ingestion. This was evidenced
as all swimmers were capable of reproducing their 100 m performances (CV = 0.6-1.6%) and were
performing at ~99% of their personal best times at the time of the study, thus reducing their ‘potential
for improvement’ following CAF ingestion (Pickering & Grgic, 2019). However, as this scenario
replicates how adolescent swimmers would ingest CAF at real-world competitions, these results

question the efficacy of using the safe 3 mg-kg BM™ dose as a pre-race nutrition strategy.

The ingestion strategy used in this study has long been suggested to be the most ergogenic CAF
protocol (3—6 mg-kg BM™, 60 min before exercise; Maughan et al., 2018); however, using this
approach for all swimmers might not be appropriate. For example, factors such as dietary intake
(Abuhelwa et al., 2017), preferred CAF source (Wickham & Spriet, 2018), habitual CAF intake
(Pickering & Kiely, 2019b), inter-individual CAF absorption characteristics (Pickering & Kiely,
2019b), and sex hormones (Temple & Ziegler, 2011) can each affect the optimal CAF dose and/or
timing required to induce an ergogenic response. Considering the current study did not control for
genotypes, menstrual cycle stage, or dietary composition between swimmers, it is suspected that a
combination of these individual factors could have negated the CAF effects during the experimental
trials. Moreover, each swimmer also reported using CAF in practice, with a variety of doses (range:
~1-6 mg-kg BM™) and sources (energy drink = 1, energy shot = 1, gum = 1, tablets = 5) being
consumed. Thus, administering a different CAF source compared to what the swimmers were familiar

with (e.g., a singular capsule vs. six tablets) might also have had an effect, possibly preventing
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swimmers from ‘feeling’ like an ergogenic effect was going to occur (Shabir et al., 2018). Higher
CAF doses (i.e., 4-6 mgkg BM™) could therefore be an alternative for future research, as these
appear to show more consistent effects on swimming performance (Collomp et al., 1992; Maclntosh
& Wright , 1995; Pruscino et al., 2008). Although further research is needed to determine if these

doses are well tolerated and safe for adolescents.

The ingestion of CAF before an evening time-trial also had little impact upon sleep or a next-day
performance. The results from this study should be interpreted cautiously, however, given that only
subjective measures were used, and there was only limited time (8.5 hours) available for sleep
between the evening and morning time-trials. For example, moderate effect sizes were calculated for a
shortened sleep duration (-32 min, g = 0.71) and increased sleep latency (+14 min, g = 0.50) with
CAF ingestion, which are both frequently observed when CAF supplements are ingested up to six
hours before attempting to sleep (Drake et al., 2013; Dunican et al., 2018; Ramos-Campo et al., 2019).
Importantly, Drake et al. (2013) has previously compared subjective versus objective
(polysomnography) sleep parameters, identifying that participants achieved less total sleep and were
awake for longer during the night than they perceived following CAF ingestion, whereas no
differences were found after ingesting PLA. Therefore, based on these effect sizes, it is suspected that
significant CAF versus PLA effects may have been observed if objective sleep measures and ad
libitum sleeping hours were available. This is further supported since the sleep data from one
swimmer was excluded from the study after they overslept and missed the morning time-trial after
evening CAF ingestion, reporting an exacerbated sleep latency (195 vs. 75 min) as the reason behind
the inability to wake. Though while these results suggest that CAF might negatively impact the sleep
of adolescent swimmers in practice, this requires further research using objective sleep measures to be

confirmed.

Conducting this research in an applied setting produced logistical challenges that could not be

controlled, thus restricting the total sleep (~4-6 hours) that could be achieved by each swimmer.
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However, while this amount of sleep is commonplace in highly trained swimming populations
(Sargent et al., 2014), and did not appear to affect the next-day performances, all swimmers reported a
3—4-hour reduction in total sleep time between the control (night one) and experimental sleeps (night
two) that made it difficult to examine any CAF-related effects. A second challenge concerned
swimmers being in a critical training phase in preparation for a national competition, which restricted
the flexibility of the swimmers’ training schedules. Indeed, the head coach only permitted three
opportunities (familiarisation and two experimental trials) to implement time-trial swimming and
collect research data, restricting the control of menstrual cycle stage in female swimmers that could
have altered sleep variables (Baker & Lee, 2018) and the perception of CAF side-effects (Temple &
Ziegler, 2011). Finally, depending on their education schedules, some swimmers either went back to
sleep (n = 2), had a nap prior to higher education (n = 2), or went straight to school (n = 2) after
morning time-trials. These different actions restricted the ability to compare measures of daytime
sleepiness, mood, and mental performance the day after CAF ingestion, which could all be limiting
factors to performance at multi-day swimming competitions (Fullagar et al., 2015; Roehrs & Roth,
2008). In all, further research with greater experimental controls is required to fully elucidate the
effects of CAF on sleep and performance in highly trained adolescent swimmers. Due to logistical
challenges, however, this research may need to take place during real-world competitions, where

education and training commitments have less impact on sleep.
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6.5 Conclusion

In summary, a small-to-moderate CAF dose (3 mg-kg BM?) had no effect on the 100 m swimming
performances of highly trained adolescents when ingested an hour before an evening time-trial.
Moreover, minimal physical or psychological side-effects were produced before, during, or after
exercise, suggesting that no ergogenic mechanisms were active. There also appeared to be little
differences in subjective sleep parameters following evening CAF ingestion, though possible effects
on total sleep duration and sleep latency require further exploration using objective measures.
Nonetheless, all swimmers were able to replicate their 100 m swimming performance the following
morning despite only achieving 4-6 hours’ sleep, suggesting that a single night of sleep disturbance
may not be a concern for next-day performance in highly trained adolescent swimmers. Overall, the
lack of CAF benefits in this study might have likely occurred since each swimmer had different
dietary intakes, previous CAF experience, genetics, and sex hormones; factors that all affect CAF
absorption and perceived effects. Further research should therefore determine whether higher CAF
doses are safe for adolescent consumption, given these appear to show more consistent ergogenic

effects in time-trial swimming.
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Chapter 7a — The Effects of Sodium
Bicarbonate on Blood Acid-Base Variables in

Highly Trained Adolescent Swimmers

Chapter can be found at: Newbury, JW., Cole, M., Kelly, A.L., Chessor, R.J., Sparks, S.A.,
McNaughton, L.R. and Gough, L.A. (2021). The time to peak blood bicarbonate (HCOs"), pH, and the
strong ion difference (SID) following sodium bicarbonate (NaHCO3) ingestion in highly trained
adolescent swimmers. PLoS One, 16(7), pp.e0248456. Available at:

https://doi.org/10.1371/journal.pone.0248456.
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7a.1 Introduction

Sodium bicarbonate (NaHCOs3) is one of few nutritional ergogenic aids with strong ergogenic
potential (Maughan et al., 2018). The acting mechanisms relating to NaHCO3 ingestion have been
discussed in detail (Chapter 1, section 1.5.2), which appear to be contested between either: (a) an
increased blood buffering capacity (i.e., HCOs, pH), that accelerates H* removal during exercise to
delay fatigue (Fitts, 2016; Lancha Junior et al., 2015); or (b) an increased intramuscular SID, that
enhances excitation-contraction coupling and delays the depolarisation of skeletal muscles during
exercise (Siegler et al., 2016; Westerblad, 2016). At present, the most well acknowledged mechanism
is the former, with NaHCOz-induced increases in blood HCOs of >5 mmol-L? and >6 mmol-L*
associated with ‘potential” and ‘almost certain’ ergogenic benefits, respectively (Heibel et al., 2018).
A caveat to this, however, is that the time taken to reach these ergogenic thresholds is highly variable
between individuals, occurring anywhere between 40-125 min post-ingestion with NaHCOs solutions
(Gough et al., 2017, 2018b, 2019a), or between 60-240 min post-ingestion with NaHCOj3; capsules
(Jones et al., 2016; de Oliveira et al., 2021). This highlights a flaw in the current dosing guidelines
(e.g., 60-150 min pre-exercise for all athletes; Maughan et al., 2018), which partly explains why

historical NaHCO3 research has found equivocal performance outcomes (McNaughton et al., 2016).

Research is attempting to solve the NaHCO; timing issue by administering ingestion based on
individual peaks in blood HCOs or pH, showing consistent performance benefits versus PLA
supplements to date (Miller et al., 2016; Gough et al., 2018a, 2019b, 2022). However, only Boegman
et al. (2020) have directly compared whether NaHCO; is more effective when ingested at an
individualised (e.g., 40-160 min pre-exercise) or standardised time point (60 min pre-exercise for all
participants), finding an ergogenic effect in 18 of 23 world-class rowers during a 2000 m time-trial
performance (mean improvement: -2 s; g = 0.19). Interestingly, this result occurred despite only a
small difference in pre-exercise blood HCO; concentrations (individualised: +6.0 mmol-L? vs.

standardised: +5.5 mmol-L?), potentially inferring that the proposed SID mechanism was more active
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with the individualised approach. Indeed, studies have displayed an increase in the apparent SID (+6—
10 mEq-LY) when NaHCO; improves exercise performance (Gough et al., 2018b; 2019b), therefore it
is plausible that the movement of strong ion changes could be the primary ergogenic mechanism. As
studies have not yet monitored the time course changes in the SID following NaHCO3 ingestion, it is
currently unclear when a peak SID occurs in relation to peaks in blood HCO3; or pH, which could
have important implications for the future of NaHCO3 supplementation if these times were to differ in

practice.

Chapter 4 (section 4.3.2) found NaHCO; to be a popular ergogenic aid amongst highly trained
adolescent swimmers (36%), despite the efficacy of this supplement being unclear for this age group.
Only two studies to date have investigated NaHCOs in highly trained adolescents, both of which
found contrasting performance outcomes. Firstly, Zajac et al. (2009) observed a 1.3% faster sprint
swimming performance across 4 x 50 m efforts with a 0.3 g-kg BM* NaHCO; solution (standardised
90 min pre-exercise). Although, this improvement was mostly due to a faster swimming speed in the
first bout (+0.05 m-st), which is a timeframe (~25 s) not typically thought to benefit from NaHCOs
ingestion (Maughan et al., 2018). In the second study, Guimardes et al. (2020) found no ergogenic
benefit of a 0.3 g-kg BM* NaHCO; solution (standardised 90 min pre-exercise) across 6 x 35 m
running sprints. Both studies also found that blood HCOs™ concentrations were not raised above the
mooted +5 mmol-L? ergogenic threshold (+3.4 mmol-L? in both studies), which the authors
speculated might not be able to be achieved in adolescents due to differences in gastrointestinal
physiology (Merchant et al., 2016), or carbon dioxide elimination rates (Ratel et al., 2002), compared
to adults. However, these speculations cannot be confirmed since neither study utilised an
individualised NaHCOs strategy. Therefore, in order for adolescent swimmers to benefit from
NaHCOs supplementation, it is first necessary to understand the possible acid-base balance alterations
that occur following ingestion. The purpose of this study was to explore the time course changes and
peak blood concentrations of HCOs~, pH, and the apparent SID after highly trained adolescent

swimmers ingested 0.3 g-kg BM™ NaHCO:s.
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7a.2 Methods

7a.2.1 Participants

Twelve national swimmers from a high-performance swimming club volunteered to participate in this
study, all of whom were classified as ‘highly trained’ (see Chapter 2, section 2.1.2). At the time of the
study, three of the cohort had recently represented their nations at either the European Junior
Swimming Championships or the European Youth Olympic Festival, while seven had qualified for
Olympic trials in the UK. Moreover, all participating swimmers were ranked in the top 25 swimmers
in the UK for at least one event within their respective age categories (mean WA points: 696 + 62).
Further characteristics of the study cohort can be found in Table 7a.1. At the time of data collection,
swimmers were completing 7-9 pool (swimming volume: 50.9 + 3.4 km-week™) and 2-5 gym-based
training sessions-week™ while in a specific race preparatory training period. The study was granted
ethical approval by BCU (Newbury/3649/R(B)/2019/Nov/HELS FAEC), while both the swimmers

and their parents/guardians provided written informed consent prior to their participation in the study.

Table 7a.1. Characteristics of the study participants.

Characteristic Males (n =5) Females (n=7) Combined (n =12)
Age (years) 16+£1 16+1 161
Height (m) 1.78 + 0.06 1.70 £ 0.04 1.73+0.06
Body mass (Kg) 72.4+10.7 60.3+ 4.8 65.3+ 9.6
Time competitive (years) 812 8+1 8+1
Mean + SD.

7a.2.2 Pre-Experimental Procedures

Each swimmer attended training as per their normal daily routine (time: 17:00-20:30 PM) having

been instructed to eat as they normally would prior to a competitive race. These instructions were
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given since previous investigations have assessed time course changes in HCOs and pH when fasted
(Gough et al., 2017; Jones et al., 2016) or following a standardised meal (Boegman et al., 2021; de
Oliveira et al., 2020), which do not replicate the variance in baseline acid-base balance, electrolyte
status, and absorption rates that would occur in practice (Abuhelwa et al., 2017; Remer & Manz,
1995). Moreover, the ingestion of NaHCO; capsules alongside a meal was also thought to reduce the
occurrence and severity of potential gastrointestinal side-effects (Carr et al., 2011b), therefore this
ingestion approach was most appropriate for this adolescent cohort. The dietary intakes reported by
the swimmers in the 24 hours swimmers prior to NaHCOs ingestion are presented in Table 7a.2,
which were collected and analysed via the previously described methods (see Chapter 2, section
2.2.2). Water was permitted to be consumed ad libitum following NaHCO3 ingestion (mean intake:
1.2 +0.5 L, range: 0.5-2 L), though the intake of further nutrients was restricted. Swimmers were also
asked to refrain from additional exercise outside of their regular swim training programme in the 48
hours prior to the study. No swimmers ingested CAF, although some swimmers reported having
ingested creatine (swimmers 8-12) and beta-alanine (swimmers 11 and 12) in the preceding six
months. However, neither of these supplements are thought to influence acid-base balance
characteristics in the blood (Hobson et al., 2013; Sale et al., 2011), therefore any observed changes

would be caused by the acute NaHCO3; ingestion.
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Table 7a.2. Dietary intakes reported by the swimmers prior to NaHCO3 ingestion.

Nutritional Variable 24 hours pre-ingestion 1-3 hours pre-ingestion

Total energy intake (kcal-day) 2852 + 926 655 + 285
Relative energy intake (kcal-kg BM*-day™?) 433+938 10.0+3.7
Total carbohydrate (g-day™) 362 £ 135 75.4 +46.0
Relative carbohydrate (g-kg BM*-day?) 55+1.4 1.2+0.6

Total protein (g-day™) 153 £ 37 30.9+9.0
Relative protein (g’kg BM*-day™) 23+04 05+0.1

Total fat (g-day™) 88.4+31.1 25.6+134
Relative fat (g'kg BM*-day?) 1.3+04 04+0.2

Total Na* (mg-day™) 3211+ 1110 901 + 409
Total K* (mg-day™) 3546 + 1185 559 + 560
Total Ca?* (mg-day™) 1428 + 501 276 £ 229
Total CI- (mg-day) 4755 + 1558 1374 + 601

Mean + SD.

7a.2.3 Protocol and Measurements

The process of measuring blood concentrations of HCOs, pH, and the apparent SID has been
previously described (Chapter 2, section 2.2.5). Briefly, swimmers immediately engaged in five min
seated rest upon arrival at their training facility, before giving a 70 pL capillary blood sample. This
sample was immediately analysed using a portable blood gas analyser (ABL9, Radiometer Medical,
Copenhgen, Denmark), which determined the circulating values of HCOg3, pH, K*, Na*, Ca?", and CI-.
A further 5 pLL was drawn for the analysis of blood La (Lactate Pro 2, Arkray, Kyoto, Japan), which
subsequently enabling the calculation of the apparent SID as per Lloyd (2004): K* + Na* + Ca?* - CI- -
La. Gastrointestinal side-effects were also monitored at baseline using a VAS for nine possible
symptoms: nausea, flatulence, stomach cramping, belching, stomach ache, bowel urgency, diarrhoea,
vomiting and stomach bloating (see Chapter 2, section 2.3.2 for interpretation). These scales are
frequently used to determine gastrointestinal side-effects in NaHCOs research (Cameron et al., 2010;

Gough et al., 2017).
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After baseline samples, participants then ingested 0.3 g-kg BM™? NaHCOs (Dr. Oetker, Bielefeld,
Germany) contained in gelatine capsules (1 g-capsule?, Size 00, Bulk Powders, Colchester, UK)
within a five min period. All swimmers then remained quietly seated for 165 min, with repeated blood
samples obtained and analysed on at least eight more occasions (60, 75, 90, 105, 120, 135, 150, and
165 min post-ingestion). Further samples were taken at 180 min (n = 4) and 195 min (n = 1) post-
ingestion to ensure that a peak HCO3™ was determined in all swimmers. No samples were taken within
the first 60 min since 0.3 g-kg? BM NaHCO; was not expected to elicit peak blood alkalosis within

this time when ingested in capsules (de Oliveira et al., 2020; Jones et al., 2016).

7a.2.4 Statistical Analysis

All statistical tests were carried out in accordance with Chapter 2 (section 2.5.2). Repeated measures
ANOVA tests were conducted to establish mean differences between time to peak blood HCOs', pH,
and the SID, as well as group mean changes that occurred within each blood metabolite (HCOs', pH,
SID, K*, Na*, Ca?", and CI") across the 165 min sampling timeframe. Effect sizes for ANOVAs were
reported as Pn?, whereas pairwise comparisons are reported as g (for interpretations, see Chapter 2,
section 2.5.2). Inter-individual variance between swimmers’ time course and absolute changes in
blood analytes was described using CV (see Chapter 2, section 2.5.3). A Spearman’s rank-order
correlation (r;) was also used to investigate associations between dietary intake (energy,
macronutrients, and electrolytes consumed 24 and 3 hours before NaHCOj3 ingestion) and the time to
peak, absolute change, and baseline measures of blood HCOgs, pH, and SID. This non-parametric
correlation was selected due to violations in the sphericity of nutritional data. All data are reported as

mean £ SD. Statistical significance was set at p <0.05.
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7a.3 Results

7a.3.1 Blood Analyte Changes

No statistical differences were found in the time to peak concentrations of blood HCOs', pH, or the
apparent SID (F =3.2, p = 0.063, Pn? = 0.22). Despite this, a large effect size (g = 0.94) was identified
between time to peak blood HCOs (130 + 35 min) and SID (96 + 35 min). A moderate effect size (g =
0.63) was also calculated between time to peak pH (120 + 38 min) and SID, though the effect size for
peak pH versus HCOs; was small (g = 0.26). Individual data are presented in Table 7a.3,
demonstrating large inter-individual variations within time to peak data for HCOs (CV = 27%), pH
(CV = 32%) and SID (CV = 37%), and in the absolute increases from baseline for HCO3 (CV =
35%), pH (CV = 42%) and the SID (CV = 61%). The complete blood HCOs (Figure 7a.1) and SID
(Figure 7a.2) time course changes for four selected participants have been plotted and displayed to

emphasise the individuality in blood responses.

Group mean increases in blood HCOs™ (F = 17.2, p <0.001, Pn? = 0.61), pH (F = 14.7, p <0.001, Pn? =
0.60), and SID (F = 3.0, p = 0.005, Pn? = 0.22) were observed across the study timeframe (Figure
7a.3). Compared to baseline values, blood HCO3s was increased 60 min post-ingestion (+3.2 £ 2.6
mmol-L?, p = 0.046, g = 1.40, CV = 9.8%) and remained elevated at all following time points (all p
<0.05, g >0.80). The proposed ergogenic threshold of +5 mmol-L* was reached 105 min post-
ingestion (5.2 = 2.5 mmol-L?, CV = 8.9%) and was sustained until the end of the observation period
(group HCOs™ peak: 150 min, +5.9 + 2.7 mmol-L?, CV = 9.3%). An increased pH was observed 75
min post-ingestion (+0.06 = 0.04 units, p = 0.021, g = 1.83, CV = 0.6%), which then remained
elevated by +0.06-0.08 units for the sampling timeframe (all p <0.05, g >0.80). Peak blood pH
occurred 90 min post-ingestion (+0.08 + 0.05 units, CV = 0.6%). The SID was only increased with
statistical significance 60 min post-ingestion (+2.0 + 1.5 mEq-L?, p = 0.017, g = 1.32, CV = 4.0%);
however, large effect sizes were calculated at all subsequent time points (g >0.80) with the group

mean SID peaking at 135 min post-ingestion (+2.4 + 2.6 mEq-L*, p = 0.288, g = 1.34, CV = 5.1%).
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Table 7a.3. The individual time peak and absolute increases in in blood HCOs', pH, and the apparent SID observed in highly trained adolescent swimmers.

Blood Acid-Base Variable

Swimmer (Sex)

1(M) 2 (M) 3(F) 4 (F) 5 (M) 6 (F) 7(F) 8 (F)" 9 (F)" 10 (M) 11 (M)* 12 (F)*#
HCOs
Baseline (mmol-L?) 26.5 28.0 23.3 23.9 25.6 24.8 23.6 25.9 26.4 26.0 26.4 247
Peak (mmol-L™?) 34.3 35.3 32.3 345 33.9 31.4 26.4 28.3 34.8 32.8 32.7 30.5
Absolute change (mmol-L?1) +7.8 +7.3 +9.0 +10.6 +8.3 +6.6 +2.8 +2.4 +8.4 +6.8 +6.3 +5.8
Time to peak (min) 90 75 120 150 165 75 180 120 135 150 150 150
pH
Baseline (mmol-L?) 7.41 7.46 7.40 7.40 7.41 7.39 7.43 7.41 7.38 7.40 7.40 7.41
Peak (mmol-L1) 7.57 7.52 7.52 7.54 7.53 7.54 7.47 7.45 7.49 7.49 7.48 7.51
Absolute change (mmol-L?) +0.16 +0.06 +0.12 +0.14 +0.12 +0.15 +0.04 +0.04 +0.11 +0.09 +0.08 +0.10
Time to peak (min) 90 75 90 135 165 90 75 105 120 180 150 165
Apparent SID
Baseline (MEq-L™Y) 33 37 33 32 35 33 32 33 34 33 30 31
Peak (mEq-L™?) 36 38 38 38 35 38 34 35 38 37 38 35
Absolute change (mEq-L™1) +3 +1 +5 +6 0 +5 +2 +2 +4 +4 +8 +4
Time to peak (min) 90 60 90 135 60 165 60 120 75 120 135 60

* = swimmers who were concurrently ingesting creatine. # = swimmers who were concurrently ingesting creatine

swimmers.

and beta-alanine. M = male swimmers. F = female
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Figure 7a.1. Four unique blood HCOs time course behaviours observed in A) swimmer 1, B)
swimmer 8, C) swimmer 6, and D) swimmer 10. The dotted line represents a +5 mmol-L™? increase

from baseline blood HCOs'.
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over the sampling timeframe. * = increased compared to baseline concentration (p <0.05).
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Strong ion shifts were also observed across the sampling period, with group level changes in Ca?* (F =
15.4, p <0.001, Pn? = 0.58), CI" (F = 5.9, p = 0.003, Pn? = 0.35), K* (F = 3.0, p = 0.005, Pn? = 0.21),
and Na* (F = 2.1, p = 0.048, Pn? = 0.16) all being detected (Figure 7a.4). Blood Ca?* concentrations
were decreased compared to baseline at 90 min post-ingestion (-0.10 + 0.06 mmol-L*, p = 0.006, g =
1.48, CV = 5.0%) and remained decreased at all remaining time points (all p <0.05, g >0.80). The
lowest group mean Ca?* concentration occurred at 150 min post-ingestion (1.15 + 0.03 mmol-L?, p =
0.001, CV = 3.0%). A decrease in Cl- did not occur until 135 min post-ingestion (-2.9 + 2.2 mmol-L?,
p =0.024, g = 1.26, CV = 1.8%), before reaching a peak decline at 150 min post-ingestion (106.5 +
2.1 mmol-L?, p = 0.002, CV = 1.9%). No other group mean Cl- measurement reached statistical
significance. Post hoc observations failed to find any statistical significance within the K* time course
changes, though there was a trend for significance and a large effect size calculated at 150 min post-
ingestion (-1.03 + 0.93 mmol-L?, p = 0.099, g = 1.42, CV = 9.1%). Similarly, post-hoc observations
could not determine the precise time point for a change in Na* concentration, though the largest group
level change appeared to occur at 60 min post-ingestion (+1.0 + 1.2 mmol-L?, p = 0.546, g = 0.77, CV

= 0.8%).
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Figure 7a.4. Group mean changes observed in blood concentrations of A) Na*, B) K*, C) Ca?* and D)
Cl- observed over the sampling timeframe. * = increased compared to baseline concentration (p

<0.05).

7a.3.2 Effects of Diet

The energy and macronutrient composition of the meal ingested 1-3 hours before NaHCOj3 ingestion
did not affect the absolute increases in blood HCOs', pH, or the SID (Table 7a.4). However, the

macronutrient consumption of the meal may have delayed the blood HCOs™ time course since protein
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(rs = —0.581) and fat composition (rs = —0.594) both displayed moderate, negative correlations with
time to peak blood HCOj3. Conversely, protein intake may have accelerated time to peak SID, with a
strong, positive correlation (rs = 0.711) being observed. The total energy content of the meal also had
a moderate, positive correlation with time to peak SID, although this did not reach statistical
significance (rs = 0.555, p = 0.061). Fat intake was associated with an increased baseline blood HCOs’
(rs = 0.609) and SID (rs = 0.639) concentration, with both displaying strong, positive correlations. The
amount of Na* consumed 1-3 hours before NaHCOs ingestion also had a strong, positive correlation
with baseline HCO3™ (rs = 0.644, p = 0.024), but not with pH (rs = -0.315, p = 0.318) or the SID (rs =
0.171, p = 0.596). No other correlations were found between Na*, K*, CI-, or Ca?" ingestion and time

course changes in blood acid-base balance.

Table 7a.4. The associations between the dietary composition of a meal ingested 1-3 hours before

NaHCOs and time course changes in HCOs', pH, and the SID.

Blood Acid-Base Variable
HCO3s pH SID

Absolute Dietary Variables

Correlations with time to peak

Energy (kcal) p =0.202, rs = -0.397 p =0.785, rs = -0.088 p =0.061, rs = 0.555
Carbohydrate (g) p =0.506, r; =-0.213 p=0.784, r; = -0.088 p =0.194, rs = 0.403
Protein (g) p =0.048, rs = -0.581" p =0.870, rs = -0.053 p =0.010, rs=0.711"
Fat (g) p=0.042,rs=-0.594"  p=0.411, r;=-0.262 p=0.539, rs = 0.197
Correlations with absolute change
Energy (kcal) p =0.430, rs = 0.252 p=0.084, r;=0.519 p =0.827, rs=0.071
Carbohydrate (g) p=0.372, rs = 0.284 p =0.127, rs = 0.466 p=0.814, r;=0.076
Protein (g) p=0.476, r; = 0.228 p =0.054, rs = 0.569 p=0.221, r;=0.381
Fat (g) p =0.846, rs = 0.063 p=0.316, rs = 0.316 p =0.259, rs = -0.354
Correlations with baseline concentrations
Energy (kcal) p =0.285, rs = 0.336 p =0.645, rs =-0.149 p=0.569, rs=0.171
Carbohydrate (g) p =0.652, rs =0.146 p = 0.801, rs =-0.082 p =0.920, rs =0.033
Protein (g) p=0.724,r,=0.114 p=0.114, rs =-0.480 p =0.826, rs=0.071
Fat (g) p=0.036,rs=0.609°  p=1.000,r=-0.001  p=0.025,rs=0.639"

* = indicates a significant correlation between dietary intake and acid-base variable (p <0.05)
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7a.3.3 Gastrointestinal Discomfort

All swimmers reported at least one gastrointestinal side-effect, though the severity of these instances
were rated below five out of 10 arbitrary units on in 94% (29 of 31) of occurrences (Table 7a.5). Of
the reported side-effects, 71% (22 of 31) peaked in severity at 60 and 75 min post-ingestion. The most
common symptoms were belching (reported by 58% of swimmers), followed by stomach bloating and

nausea (reported by 50% of swimmers).
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Table 7a.5. The three most severe gastrointestinal side-effects reported by individual swimmers following the ingestion of 0.3 g-kg BM* NaHCOs.

Swimmer Severity Peak Severity Peak Severity Peak  Aggregated
Caps Symptom 1 . Symptom 2 . Symptom 3 .
(Body mass) (n/10) (mins) (n/10) (mins) (n/10) (mins) score
1(90.7kg) 28 Belching 4.9 60 Stomach 4.9 60 Nausea 23 60 17.7
bloating
2(695kg) 21 Belching 27 60 Stomach 17 135 Stomach 11 60 6.6
bloating cramp
3(s58kg) 17 Nausea 41 75 f)tlom?‘Ch 14 60 None 0.0 N/A 5.5
oating
4(622kg) 19  Belching 3.9 60 Stomach 24 60 Nausea 0.7 75 6.9
bloating
5(72.1 kg) 22 Belching 1.7 75 None 0.0 N/A None 0.0 N/A 1.7
6(6abky) 20  SOmech 40 165 None 0.0 N/A None 0.0 N/A 4.0
7 (60.6 kg) 19 Nausea 1.4 60 None 0.0 N/A None 0.0 N/A 1.4
8(543kg) 17 Belching 4.9 60 Flatulence 3.9 165 Stgg;]a:h 15 135 11.0
9 (57.7 kg) 18 Nausea 2.6 60 None 0.0 N/A None 0.0 N/A 2.6
10 (65.0 kg) 20 Belching 5.0 60 None 0.0 N/A None 0.0 N/A 5.0
11(679kg) 21 Flatulence 26 150 Stomach 21 60 Bowel 15 165 6.1
bloating urgency
12(63.7kg) 20  Vomiting 10.0 105 Nausea 10.0 105 Stgg;]a;h 15 90 22.3

Aggregated score = sum of the most severe incidence of all nine symptoms (n/90). Caps = total number of NaHCO3 capsules ingested.
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7a.4 Discussion

This was the first study to compare the time course changes of three acid-base variables in adolescent
swimmers following the ingestion of 0.3 g-kg BM™* NaHCOj3 alongside a pre-exercise meal. Similar to
previous research in adults, large absolute increases in blood HCOs and pH concentrations were
observed (Gough et al., 2017; Jones et al., 2016). Of the three acid-base variables that were measured,
blood HCOs; and pH appeared to peak at a similar time (120 and 130 min post-ingestion,
respectively). There was, however, a 34 min difference separating peaks in blood HCO3 and the
apparent SID (96 min post-ingestion), which may be of practical significance given that strong ion
shifts could be the primary ergogenic mechanism of NaHCO; (Siegler et al., 2016; Westerblad, 2016).
In addition to these findings, this study provides justification for the use of individualised NaHCO3
ingestion strategies in highly trained adolescent swimmers, given the high inter-individual variation in
blood HCOj3 time course changes. This therefore provides the basis for further research to investigate
whether individualised NaHCQOj3 ingestion strategies, or strategies based on the SID, could be more
effective for highly trained adolescent swimmers than the currently recommended standardised

approaches (Maughan et al., 2018).

Following the ingestion of 0.3 g-kg BM™* NaHCOs in capsule form, highly trained adolescent
swimmers displayed peak blood pH and HCOs concentrations at a similar time (~120-130 min post-
ingestion), supporting the strong relationship between these measures (de Oliveira et al., 2020; Jones
et al., 2016). The remainder of this thesis will therefore focus on the blood HCOj3™ time course since
this measure is considered to be more reliable than pH (Gough et al., 2017; Boegman et al., 2020).
Interestingly, when time course changes in blood HCOs™ were compared to those of the SID, there
appeared to be a mean 34 min difference (g = 0.94) between peak concentrations. This could have
important implications in practice given the contested NaHCO3z mechanisms, whereby it is unclear
whether an enhanced H* buffering capacity (i.e., time to peak HCOz3) or intramuscular strong ion

uptake (i.e., time to peak SID) is responsible for the ergogenic effects (Siegler et al., 2016). Why there
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was a potential time difference in these measures could not be elucidated, though the consumption of
a meal 1-3 hours before NaHCO; ingestion may have been a contributing factor. Indeed, correlations
indicated that higher protein and fat intakes accelerated time to peak HCO3', possibly to assist with the
clearance of waste metabolites (e.g., ammonia, NH4) produced during digestion (Remer, 2001). In
contrast, greater energy and protein intakes may have slowed the absorption of strong ions (Abuhelwa
et al., 2017), subsequently delaying time to peak SID. However, as these are based on correlations and
not mechanistic data, this cannot be confirmed. Nonetheless, as peak HCO3 and SID concentrations
could occur at different times in practice, further research is required to identify whether
individualised NaHCOs strategies based on these timings can be more effective for performance than

a standardised approach.

The majority of adolescent swimmers in this study demonstrated peak blood HCO3 concentrations
above the proposed ergogenic threshold (+5-6 mmol-L?; Heibel et al., 2018), contrasting previous
research in trained adolescents (+3.4 mmol-L?, Guimardes et al., 2020; Zajac et al., 2009). A
speculative explanation for this difference could have been that the current cohort had an early
maturation onset (Baxter-Jones & Helms, 1996), perhaps assisting their selection to the high-
performance swimming club where they were recruited. This is supported since both male (72 + 11
kg) and female (60 £+ 5 kg) swimmers in the current cohort had considerably greater body mass than
the ‘well-trained’ male swimmers (56 + 1 kg) recruited by Zajac et al. (2009), despite being the same
age. If this was the case, then the current swimmers could have benefited from maturity-related
differences in gut physiology (e.g., caecal pH, distal microbiota; Agans et al., 2011; Bai et al., 2016)
and/or muscle and blood buffering capabilities (e.g., monocarboxylate transporter density, Na*/HCOs’
co-transport; Juel, 2008), both of which could have enabled greater blood HCOs" increases to occur.
However, this requires further research considering maturity status was not measured in this study,
nor its predecessors. Based on the results of this study, a more realistic explanation for the low blood
HCOjs concentrations observed by Zajac et al. (2009) and Guimardes et al. (2020) was because they

both administered NaHCO; at standardised time points, thus measuring blood HCOs™ concentration
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before individual peaks were achieved. This therefore adds further support for the use of
individualised NaHCO;3 ingestion strategies in highly trained adolescents where possible, though

additional research is required to determine whether this translates into a performance benefit.

An increase in the apparent SID was also achieved by highly trained adolescent swimmers following
NaHCOs ingestion, supporting previous work in trained adults (Gough et al., 2019a; 2019b).
However, these previous investigations both demonstrated greater group mean increases in the SID
(+6-10 mEq-L?) compared to the present study (+4 mEq-L?), despite not purposely seeking to
identify a peak concentration. Furthermore, the current study also observed lower baseline (33 vs. 36—
38 mEq-L?) and absolute peak SID concentrations (37 vs. 42-46 mEq-L?), inferring that adolescents
might have less capacity for strong ions movements (e.g., reduced Na*/K* pump activity; Juel, 2008).
Alternatively, these differences may be explained since Gough et al. (2019a, 2019b) required
participants to ingest NaHCOs at least four hours post-prandial, therefore removing the potential delay
and/or depression of strong ion absorption caused by a pre-exercise meal (Abuhelwa et al., 2017).
Additionally, an ad libitum intake of water in this study could have increased plasma volume, possibly
masking the absolute strong ion shifts that may have taken place (Brown et al., 1971). An example of
this might have been observed in blood Na* concentrations, where increases across the study
timeframe were largely mitigated (peak: +1 mmol-L™) compared to previous observations under
fasted conditions (+3 mmol-L?) (Gough et al., 2017; 2019b; Jones et al., 2016). Despite this, large
effect sizes were calculated for reductions in blood K*, Ca?*, and ClI- between 120-150 min post-
ingestion, suggesting that adolescent swimmers experienced an intramuscular uptake of strong ions at
this time (Luhker et al., 2017; Sostaric et al., 2006). Though considering this study did not measure
intramuscular SID or exercise performance, it is currently unclear how these NaHCOs-induced
changes in the apparent SID currently benefit the performances of highly trained adolescent

swimmers.
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Although research agrees that absolute peaks in blood HCOs concentrations are highly individual
following NaHCO; ingestion (Boegman et al., 2020; Gough et al., 2017; Jones et al., 2016), the
process of identifying such a specific time point has been criticised. This is because ingesting 0.3 g-kg
BM? NaHCOs; in capsules often produces +5 mmol-L* increases in blood HCO3 for prolonged
periods (>100 min; Boegman et al., 2020; de Oliveira et al., 2020; Jones et al., 2016), suggesting that
a long-lasting ergogenic window might exist with this dosing strategy (Heibel et al., 2018). However,
the current data contrasts this suggestion, identifying that prolonged (>90 min) blood HCOj3™ increases
above +5 mmol-L? only occurred in half of the cohort, with others achieving the +5 mmol-L*
threshold at completely different time points (e.g., swimmers 6 and 10 in Figure 7a.1). Based on these
erratic time course changes, it appears that not all individuals will experience a long-lasting
‘ergogenic window’. Therefore, while standardised ingestion timeframes might be appropriate for
some adolescent swimmers, this would not be known without first undergoing the time to peak
determination process. A caveat is that this procedure is expensive and currently possesses little
research to suggest a performance benefit versus standardised NaHCO3 timings; thus, supporting the

need for further research comparing dosing strategies.

There were minimal incidents of severe gastrointestinal side-effects when highly trained adolescents
ingested NaHCO; capsules 1-3 hours after a self-selected meal. While each swimmer reported at least
one side-effect, the severity of these symptoms was scored below five out of 10 on most occurrences
(94%). This low level of gastrointestinal distress supports previous research by Carr et al. (2011b),
where the co-ingestion of NaHCOs; capsules with a meal provided the best mitigation of side-effects
(versus NaHCOs; solution and/or fasted conditions). This may be because capsules and food co-
ingestion are suggested to slow the reduction of NaHCO; to Na* and carbonic acid (H2COg),
subsequently reducing the rate of acid-base disturbances in the stomach (e.g., increases in carbon
dioxide and water) (Heigenhauser, 1991; Turnberg et al., 1970). Alternatively, the age of the
swimmers might have contributed to the lack of gastrointestinal symptoms, aligning with previous

work that has also found minimal NaHCQO; side-effects in adolescent athletes (Guimardes et al., 2020;
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Zajac et al., 2009). While there is currently no clear explanation why side-effects might be lower in
adolescents, one suggestion is that they possess less acidity in the gastrointestinal fluids compared to
adults; potentially meditating acid-base disturbances occurring in the stomach when alkaline
substances are ingested (Merchant et al., 2016). Another general observation is that severe
gastrointestinal side-effects often occur in athletes of higher body mass (>75 kg; Cameron et al., 2010;
Kahle et al., 2013), possibly through consuming higher absolute NaHCOs doses. Therefore, since
adolescents are typically smaller in size and mass than their adult counterparts, they may experience
lesser side-effect because of the lower absolute NaHCOs doses required. However, this study did
observe vomiting in one participant, which indicates that the severity gastrointestinal side-effects

should be assessed on an individual basis.

The study methods were applied based on logistical (e.g., removing highly trained swimmers from
training) and ethical considerations (e.g., repeated blood analysis of adolescents). This limited the
current study from including a PLA experiment or repeatability measures that could have altered the
interpretation of results. Nonetheless, previous work found no changes in the time course behaviours
of blood HCOs, pH, or Na* with PLA treatments (de Oliveira et al., 2020; Gough et al., 2017);
therefore, it was assumed that similar results would have been observed. On the other hand, the
repeatability of blood HCOs measures are controversial when 0.3 g-kg BM* NaHCOj3 capsules are
ingested in a fed state. Indeed, Boegman et al. (2020) reported an ‘excellent’ repeatability of measures
(ICC: r =0.77) in world-class rowers following NaHCO; ingestion with a standardised snack (energy:
682 kcal; protein: 20 g; carbohydrate: 140 g), whereas de Oliveira et al. (2020) found repeatability to
be ‘poor’ (ICC: r = 0.34) when recreational adults ingested NaHCO; an hour after a standardised
breakfast (energy: 563 kcal; protein: 9 g; carbohydrate: 90 g). Since both studies differed in meal
composition, participant training status, time post-prandial, and blood analysis methods (capillary vs.
venous samples), this leaves the repeatability of the current data unclear. However, the main purpose
of this research was to identify the time course changes in three alternate blood acid-base balance

variables following NaHCO3 ingestion in a highly trained adolescent cohort. Since this was the first
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study to suggest that a difference in time to peak HCO3™ and SID may exist in practice, future studies
should therefore aim to determine the repeatability of these two measures under competition scenarios

(e.g., pre-competition meal, after warm-up).

7a.5 Conclusion

This study found that highly trained adolescent male and female swimmers were capable of achieving
significant increases in blood HCOs', pH, and SID following the ingestion of 0.3 g-kg BM1 NaHCO;
in capsule form. Importantly, individual peaks in blood HCOs and SID appeared to be separated by
>30 min, which may be of practical significance given that strong ion shifts could be a key NaHCO3
ergogenic mechanism. Future research should therefore explore whether a NaHCOj3 ingestion strategy
based on time to peak SID could be an efficacious approach to supplementation, ideally versus time to
peak HCOs; and standardised methods. This study also suggests that highly trained adolescent
swimmers might not possess a long-lasting ergogenic window following the ingestion of NaHCO3;
capsules, supporting the practice of individualising NaHCO; ingestion where logistically and

financially possible.
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Chapter 7b — The Effects of Individualised and
Standardised Sodium Bicarbonate Ingestion on
High-Intensity Repeated Swimming and a

Subsequent Time-Trial Performance
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7b.1 Introduction

Highly trained adolescent swimmers typically engage in 8-10 training sessions-week® (see Chapter
3), many of which will contain at least one high-intensity exercise set (e.g., anaerobic
threshold/tolerance, intermittent exercise at supramaximal intensities) (Pollock et al., 2019; Shaw et
al., 2014). Such training sessions are designed to stress the ATP-PCr and glycolytic energy systems,
resulting in the muscular accumulation of metabolites such as La’, H*, and inorganic phosphate; that
each have associations with skeletal muscle fatigue (Barnett, 2006; Cairns, 2006). Indeed, during
sustained periods of intense exercise, the production of H* overwhelms the natural buffering
mechanism (i.e., blood HCOg3Y), resulting in a decline in blood and muscle pH (Fitts, 2016). Though
this acidic intramuscular environment may not be the cause of fatigue per se (Westerblad, 2016), it is
under these conditions that other plausible fatiguing mechanisms also occur, including impairments to
CHO utilisation (i.e., inhibition of key glycolytic enzymes; Hollidge-Horvat et al., 1999), excitation-
contraction coupling (i.e., increased muscle K* efflux; Sostaric et al., 2006), and sarcoplasmic
reticulum function (reduced Ca?* sensitivity and handling; Allen et al., 2008). Supporting extracellular
blood buffering capacity with the ingestion of NaHCO; could therefore offset fatigue during key

training sets, potentially enabling highly trained swimmers to make greater adaptions over time.

To date, research has reported mixed performance outcomes when NaHCO; was ingested before
repeated, high-intensity swimming exercise. Both Gao et al. (1988) and Gough et al. (2023) showed
NaHCOs to benefit swimming performance in the latter stages of 5 x 100 yard (vs. PLA, bout 4: -0.7
s, bout 5: -0.9 s) and 8 x 50 m freestyle tests (bouts 5-8: -0.5 to -1.3 s, g = 0.26-0.79), respectively;
albeit in regional/collegiate adult swimmers, and not in highly trained adolescents competitive at the
national level. On the other hand, Zajac et al. (2009) found NaHCOs to produce an overall 1.3% faster
time to complete 4 x 50 m freestyle sprints in highly trained adolescents; however, this improvement
was only noticeable in the first swimming bout (-0.5 s, g = 0.50). Finally, Campos et al. (2012)

observed no NaHCOs; benefits towards 6 x 100 m freestyle time-trials (-0.1 s, g = 0.07) in
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international-level swimmers, though this study used a suboptimal dosing timeframe for NaHCOs
capsules (60 min pre-exercise; Carr et al., 2011b). Indeed, a potential reason for these differences was
the use of varying ingestion strategies, which all involved ingesting NaHCO3 at standardised pre-
exercise time points. Such approaches may be flawed in practice given that peak buffering capacity
can occur anywhere between 40-240 min post-ingestion between athletes (de Oliveira et al., 2021;
Gough et al., 2017), potentially warranting the use of individualised dosing strategies. To date, only
Boegman et al. (2020) have directly compared individualised and standardised NaHCOs3 ingestion
strategies on exercise performance, finding an enhanced 2000 m rowing performance (-2.0 s, g =
0.19) in world-class competitors. Although, the efficacy of this approach remains unclear since
performances were not compared to control/PLA conditions, nor does it give any indication of a

performance effect for swimming exercise.

There is also a potential ability of NaHCO;3; to accelerate the recovery of acid-base balance after
fatiguing exercise, achieving a full recovery after 20-40 min (Gough et al., 2019a). This may have
important practical implications since swimming competitions often demand consecutive races to be
performed with only short rest periods (<40 min). Pierce et al. (1992) and Pruscino et al. (2008) have
previously investigated NaHCOs as a nutritional aid to enhance recovery between two time-trial
swimming performances (2 x 200 yards with 20 min recovery and 2 x 200 m with 30 min recovery,
respectively), although the latter found a small benefit compared to a PLA supplement (-1.6 s, g =
0.34). Similarly, both studies also employed standardised NaHCO3 ingestion strategies (0.2 g-kg BM™
solution, 60 min pre-exercise and 0.3 gkg BM™? capsules, 7 doses over 90 min pre-exercise,
respectively), which could have mitigated the ergogenic potential in some swimmers. Therefore, the
aim of this study was two-fold: (a) to compare the effectiveness of an individualised NaHCOs3
ingestion strategy versus a standardised approach and a PLA on repeated swimming exercise; and (b)
to assess acid-base recovery following these ingestion methods to establish whether they can enhance

a subsequent 200 m freestyle time-trial performance.

188



7b.2 Methods

7b.2.1 Participants

Twelve national swimmers were recruited for this study, who were all aged >16 years and classified
as ‘highly trained’ (see Chapter 2, section 2.1.2). Each swimmer underwent pre-experimental testing
to determine the time course of blood acid base variables (i.e., peak HCO3 and SID) as per Chapter
7a. However, during the experimental period, five males withdrew from the study (attrition) and could
not be replaced due to time and financial restraints (Lakens, 2022). Therefore, a total of seven highly
trained young swimmers participated in this study (one male, sex females, age: 19 * 2 years, height:
1.74 + 0.09 m, body mass: 69.0 + 8.2 kg, WA points for 200 m freestyle event: 678 + 75). At the time
of the study, all swimmers were in preparation for national championships and were completing a
swimming volume of 51.3 + 6.3 km-week™. Written informed consent was obtained from all
swimmers (and parents/guardians where appropriate) prior to the start of the study. Ethical approval
was granted by the BCU ethics committee (Newbury/7595/R(B)/2020/Aug/HELS FAEC) in

accordance with the Declaration of Helsinki.

7b.2.2 Pre-Experimental Procedures

This study had five research trials: one pre-determination of peak blood HCOj3; concentration; one
familiarisation trial, and three experimental trials that were conducted in a single-blind, randomised,
and crossover design. All trials took place the host swimming club’s training facilities (25 m pool),
where swimmers were asked to arrive having prepared as per the pre-experimental controls in Chapter
2 (section 2.1.4). This included an instruction for swimmers to eat as they normally would prior to a
key training session, which was given for two reasons: (a) to increase external validity; and (b) to
limit the occurrence of gastrointestinal side-effects (see Chapter 7a, section 7a.3.3). Co-ingestion of
creatine (n = 5) and beta-alanine (n = 3) was reported by swimmers, though these supplements had

been ingested consistently for over 24 weeks prior to the study. These supplements were therefore not
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expected to produce large changes in performance (Chung et al., 2012; Peyrebrune et al., 2005) or

blood buffering capacity (see Chapter 7a, section 7a.3.1).

7b.2.3 Supplement Timings

Individualised (IND) NaHCOs ingestion timings were determined in accordance with the previously
described methods in Chapter 7a (see section 7a.2.3). Individual peaks in blood HCOj3; occurred
between 105-195 min post-ingestion, with swimmers (but not the researcher) blinded from results.
The standardised (STND) NaHCOs ingestion strategy was based on a peak in group mean blood
HCOj3 observed within this cohort (Chapter 7a, section 7a.3.1). This timing was 150 min pre-exercise,
which did not coincide with any of the swimmer’s IND ingestion timings. Both experimental
strategies consisted of 0.3 gkg BM?' NaHCO; that were administered in hydroxypropyl
methylcellulose capsules (772 + 30 mg-capsule™, size 00, Bulk, Colchester, UK). A PLA supplement
was to be ingested 90 min pre-exercise to blind swimmers from their IND timings. The PLA consisted
of an equimolar Na* dose (sodium chloride: 0.21 g-kg BM™, ASDA, Leeds, UK) to offset any possible
ergogenic effects of Na* ingestion (Mora-Rodriguez & Hamouti, 2012). Additional cornflour (ASDA,
Leeds, UK) was also added to PLA capsules to replicate appearance and fullness. Despite the
recommendation in Chapter 7a, an ingestion timing based on peak SID was not logistically possible as

this coincided with either IND or STND in four participants.

7b.2.4 Experimental Procedures

Swimmers were requested to arrive at their training facility 10-15 min before their pre-exercise
NaHCOs timings. Upon arrival, swimmers engaged in five min of seated rest before giving a 70 uL
sample of capillary blood from the fingertip for the assessment of baseline (BASE) blood variables
(i.e., HCOg, K*, Ca?*, Na*, Cl- and La), which was analysed via a blood gas analyser (see Chapter 2,

section 2.2.5). Using these values, the apparent SID was calculated using the following formula: K* +

190



Na* + Ca® - ClI- - La (Lloyd, 2004). Gastrointestinal side-effects (nausea, flatulence, stomach cramp,
belching, stomach ache, bowel urgency, diarrhoea, vomiting, stomach bloating) and perceived
readiness to exercise (PRE) were also monitored at BASE, using ten different VAS (see Chapter 2,
section 2.3.2 for interpretation). Repeat blood, gastrointestinal, and perceived readiness to exercise
measures were taken on five further occasions: before warming up (45 min pre-exercise: 45-PRE);
after warming up (immediately pre-exercise: 0-PRE); after 6 x 75 m maximal swimming sprints
(immediately post-exercise: 0-POST); after 30 min active recovery (30-POST); and after a follow-up
200 m freestyle time-trial (immediately post-exercise: POST-TT). At the end of each trial, the greatest
score for each of the nine gastrointestinal side-effects were combined to give an aggregated

gastrointestinal disturbance score for the experimental conditions.

7b.2.5 Swimming Exercise Tests

Swimmers began a self-selected 30—40 min warm-up prior to the first swimming test (see Chapter 2,
section 2.4.1). In short, swimmers started with ~10 min of self-selected, land-based exercise, before
entering a 25 m pool for a progressive intensity 1000 m warm-up prepared by the head swimming
coach (~20-30 min). Following the warm-up, swimmers were organised into swimming lanes ready
to complete 6 x 75 m maximal effort sprints in their specialist swimming stroke (five freestyle, one
butterfly, one breaststroke). Each swimming bout was competed at 150 s intervals, which typically
resulted in 40-60 s exercise and 90-110 s passive rest. This was a commonly used swimming test
within this cohort, who demonstrated a high test-retest reliability for average 75 m swimming time
(CV: 0.2-2.3%) and an ‘excellent’ reproducibility over four attempts (ICC: r = 0.997, p <0.001)
(Atkinson & Nevill, 1998; Koo & Li, 2016). Two experienced swimming coaches manually timed
each swimming bout, with the mean of the two times used as the performance measure. Average 75 m
swimming time, the aggregated time-to-complete all swimming bouts, and individual 75 m bouts were

all analysed for performance effects.
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A 30 min active recovery period then ensued where swimmers completed 600-1000 m of low
intensity swimming (~20 min), before engaging in foam rolling (~0-5 min) and/or passive rest (~5-10
min). Swimmers then completed a maximal effort 200 m freestyle time-trial from a dive start, which
was timed in accordance with the 6 x 75 m test. Based on the familiarisation trial, the swimmers were
performing at 90-98% of their personal best times at the time of the study. Swimmers completed both
exercise tests in their own swimming lanes, with a maximum of two swimmers completing the
protocol at any one time. All warm-ups, swimming lanes, and recovery strategies were recorded and
kept consistent for each trial. Swimmers were asked for their RPE after each swimming test, which

was collected using a CR10 Borg scale (Borg, 1998).

7b.2.6 Statistical Analysis

All statistical tests were carried out in accordance with Chapter 2 (section 2.5.2). Repeated measures
ANOVA tests were used to compare swimming performance (mean 75 m time, 200 m time-trial),
RPE, aggregated gastrointestinal side-effects, and pre-exercise dietary intakes (energy, CHO, protein,
fat, fluid) between the three experimental conditions (IND vs. STND vs. PLA). Additional 3
(condition) x 6 repeated measures ANOVAs were conducted to compare performance differences
between individual swimming bouts (6 X 75 m), as well as possible changes in blood responses
(HCOg, SID, Na*, K*, Ca?*, CI, La’) and readiness to exercise across the study timeframe (BASE, 45-
PRE, 0-PRE, 0-POST, 30-POST, POST-TT). Effect sizes are reported as Pn? for all ANOVA tests,
whereas g was calculated and reported for all pairwise comparisons (for interpretations, see Chapter 2,
section 2.5.2). Smallest worthwhile changes (SWC) of 1.1 s (6 x 75 m) and 1.6 s (200 m TT) were
identified using 0.2 x SD of this cohort’s previous performance data (Bernards et al., 2017). Test-
retest reliability for performance tests were calculated using CV, whereas reproducibility was
analysed via ICC (Chapter 2, section 2.5.3). All data are reported as mean = SD. Statistical

significance was set at p <0.05.

192



7b.3 Results

7h.3.1 Blood Metabolites

Initial time to peak testing found all swimmers to achieve an absolute increase in blood HCO3
concentration that exceeded +5 mmol-L* (mean: +7.7 £ 1.0 mmol-L*?, CV = 13%), albeit at variable
post-ingestion time points (129 + 32 min, CV = 25%). However, while NaHCO;3 did increase blood
HCOjs during the experimental trials (F = 6.2, p <0.001, Py?= 0.51), pre-exercise increases above the
+5 mmol-L? threshold only occurred in four swimmers with IND (range: +0.2 to 7.2 mmol-L?) and
three swimmers with STND (range: +1.8 to 7.4 mmol-L™?). This resulted in little group blood HCO3
differences being observed between IND and STND at 45-PRE (mean difference = -1.3 mmol-L?, p =
0.159, g = 0.49), 0-PRE (+0.8 mmol-L, p = 1.000, g = 0.32), or any other time point during the study
(all p >0.005; Figure 7b.1). Both NaHCOs conditions produced large increases in blood HCOz
compared to PLA at all pre-exercise time points (all p <0.005, g >0.80), except for immediately after
exercise (i.e., 0-POST and POST-TT). At 30-POST, blood HCOj3 concentrations had returned to 96%

and 98% of the values observed at 0-PRE for IND and STD, respectively.

No differences occurred in the SID between all three ingestion strategies (F = 0.6, p = 0.777, Pp? =
0.10; Figure 7b.2). Furthermore, all effect size calculations across the study were either trivial or
small (g <0.50) when comparing IND versus STND, and IND versus PLA. When comparing STND
versus PLA, however, large effect sizes were observed for the difference in the SID at 45-PRE (+3.6

mEq-L?, g =0.92) and 0-PRE (+4.0 mEq-L?, g = 0.94).
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Figure 7b.1. Changes in blood HCO3 concentration observed across the study timeframe. * = IND
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Figure 7b.2 — Changes in the apparent SID observed across the study timeframe.
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Though no differences in the SID occurred between conditions, supplemental effects were observed
for the isolated movements of CI- (F = 3.7, p = 0.048, Py?=0.38) and Ca*** (F = 2.7, p = 0.032, Pp?=
0.31) (Figure 7b.3). Chloride levels were increased with PLA ingestion, reaching statistical
significance versus IND at 45-PRE (+3.1 mmol-L?, p = 0.036, g = 1.14) and STND at 0-PRE (+4.1
mmol-L?, p = 0.005, g = 1.85). These levels remained elevated versus both NaHCOj3 conditions after
the first exercise test (0-POST and 30-POST, mean differences >4 mmol-L?, all p <0.05, g >0.80).
Decreases in Ca?* were observed with both NaHCO; ingestion timings versus PLA, reaching
statistical significance at 0-PRE (IND =-0.11 mmol-L?, p <0.001, g = 1.86; STND = -0.09 mmol-L™,
p = 0.007, g = 1.87) and 30-POST (IND = -0.12 mmol-L?, p <0.001, g = 2.79; STND = -0.09
mmol-L?, p = 0.007, g = 2.09). The changes that occurred in K* (F = 1.4, p = 0.293, Pn?= 0.18) and
Na* concentrations (F = 1.3, p = 0.244, Pn? = 0.18) did not reach statistical significance between all
three groups. Blood La concentrations were also similar between all three groups throughout the
investigation period (F = 2.1, p = 0.157, Py? = 0.26), including at both post-exercise time points
(Figure 7b.4). At the POST-TT time point, however, moderate effect sizes were calculated for the
mean difference in blood La observed in both NaHCO; groups versus PLA (IND = +3.9 mmol-L?, g

=0.76; STND = +2.7 mmol-L*, g = 0.64).
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7b.3.2 Swimming Performance

No differences were observed in mean 75 m swimming time (F = 1.2, p = 0.326, Pn?= 0.17) or any
individual swimming bout (F = 1.2, p = 0.316, Py?=0.17) during the 6 x 75 m test (Table 7b.1). This
included five of seven swimmers producing highly repeatable swimming times across the
experimental trials (mean 75 m time: £0.1-0.7 s, CV = 0.1-0.9%). The remaining two swimmers both
recorded performances above the SWC (1.1 s). These swimmers were swimmer five (IND: 57.1 s and
PLA: 57.2 s vs. STND: 59.1 s) and swimmer six (IND: 50.3 s and STND: 51.3 s vs. PLA: 53.9 s).
Effect sizes for each 75 m swimming bout, mean 75 m swim time, and aggregated time-to-complete

the 6 x 75 m swimming test were all trivial (g <0.20) between supplemental conditions.
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Table 7b.1. Mean and aggregated performance times in the 6 x 75 m swimming test.

. Ingestion Strategy
Performance Variable

IND STND PLA
Bout 1 (s) 476+5.0 47.7+59 479+54
Bout 2 (s) 47147 475+%6.1 478 5.7
Bout 3 (s) 47351 47.7+6.1 479158
Bout 4 (s) 47051 476+6.0 479+55
Bout 5 (s) 47.3%5.0 48.2+6.0 48.2+54
Bout 6 (s) 472+54 48.3+6.0 48.1+5.6
Mean 75 m (s) 47247 478+5.6 48.0+5.2
Mean aggregated (min:s) 4:43.5+30.3 4:47.0+35.8 4:47.8 +33.3

Mean + SD.

Neither group could also be differentiated based on 200 m freestyle time-trial performance (F = 0.3, p
= 0.642, Pn? = 0.05), with similar swimming times recorded in all three conditions (IND: 131.0 + 8.2
s, STND: 1315 + 7.1 s, PLA: 131.1 £ 7.1 s; all g <0.20). Similarly, repeatable performances were
observed in five of the seven swimmers (£0.4-1.6 s, CV = 0.2-0.6%). The two remaining swimmers
both recorded swimming times that exceeded the SWC (1.6 s), which were swimmer one (IND: 115.6
svs. STND: 118.8 s and PLA: 117.9 s) and swimmer five (PLA: 136.9 s and STND: 137.9 s vs. IND:

140.7 s).

7b.3.3 Perceptual Measures

There were no differences in RPE reported between supplement groups following the 6 x 75 m
swimming test (F = 1.4, p = 0.274, Pn? = 0.19) or the 200 m freestyle time-trial (F = 0.2, p = 0.804,
Pn?=0.04). Ratings of perceived exertion scores were 9.4 + 0.6 units (IND), 9.3 + 0.8 units (STND)
and 8.8 = 1.5 units (PLA) immediately after the 6 x 75 m test (all g <0.20); and 8.9 + 1.1 units (IND),
9.1 £ 0.9 units (STND), and 9.1 £ 1.2 (PLA) immediately after the 200 m freestyle time-trial (all g
<0.20). Perceived readiness to exercise was also no different between all three experimental
conditions across the study timeframe (F = 0.7. p = 0.725, Pn?= 0.10), which peaked before the 6 x 75

m swimming test in all three conditions (0-PRE scores, IND: 7.0 = 1.8 units, STND: 7.3 £ 1.3 units,
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PLA: 6.8 £ 1.5 units, all g <0.50). Perceived readiness to exercise scores before the 200 m freestyle
time-trial were 6.2 + 2.2 units (IND), 5.0 £ 3.8 units (STND), and 5.4 + 2.4 units (PLA), with the +1
mean difference between IND and the other conditions considered to be small (g = 0.36 vs. STND, ¢

=0.32 vs. PLA).

7b.3.4 Gastrointestinal Side-Effects

Aggregated scores for gastrointestinal side-effects did not differ between supplemental conditions (F
= 1.8, p = 0.206, Pn? = 0.21), with mean scores being 30.0 + 22.6 units (IND), 17.0 + 10.2 units
(STND), and 20.9 + 16.8 units (PLA). Despite no statistical significance between groups, the mean
difference between IND and the other two conditions did produce moderate (g = 0.69 vs. STND) and
small (g = 0.43 vs. PLA) effect size calculations, respectfully. These scores were highly variable,
however, with large ranges in aggregated scores reported for IND (3-69 units, CV = 75%), STND (4—
34 units, CV = 60%), and PLA (647 units, CV = 81%). The most severe gastrointestinal side-effects

reported by individuals in each experimental condition are presented in Table 7b.2.

Table 7b.2. Most severe gastrointestinal side-effects reported by swimmers in each trial.

Ingestion Strategy

Swimmer IND STND PLA
1 Stomach Bloating Nausea Stomach Bloating
9.8/10 (45-PRE) 7.1/10 (45-PRE) 3.4/10 (45-PRE)
5 Stomach Ache Stomach Bloating Nausea
4.9/10 (0-POST) 5/10 (30-POST) 3.5/10 (0-PRE)
3 Stomach Ache Nausea Vomiting
4.1/10 (0-PRE) 3.2/10 (45-PRE) 10/10 (45-PRE)
4 Nausea Bowel Urgency Bowel Urgency
6.2/10 (0-POST) 1.7/10 (0-POST) 1.5/10 (POST-TT)
5 Stomach Ache Stomach Ache Nausea
0.6/10 (45-PRE) 2.4/10 (BASE) 8.2/10 (45-PRE)
6 Nausea Nausea Nausea
8.9/10 (0-PRE) 7/10 (45-PRE) 8.7/10 (45-PRE)
7 Nausea Nausea Nausea

10/10 (POST-TT)

6.6/10 (30-POST)

6/10 (0-PRE)




7b.3.5 Dietary Controls

Participants successfully replicated their pre-exercise meal composition prior to each trial, reporting
similar energy (F = 0.9, p = 0.438, Pp? = 0.13), CHO (F = 0.9, p = 0.429, Pn? = 0.13), protein (F = 0.8,
p = 0.481, Pn? = 0.12), fat (F = 1.9, p = 0.197, Pp? = 0.24), and fluid intakes (F <0.1, p = 1.000, Pp?
<0.01). The mean pre-exercise meal during this study consisted of 1.4 + 0.7 g-kg BM* of CHO; 0.6 +

0.3 g-kg BM™ of protein; 0.5 + 0.3 g-kg BM* of fat; and 1.4 + 0.4 L of fluid.

7b.3.6 Order Effects and Supplement Predictions

No order effects were identified between trials for mean 75 m swimming time (F = 0.3, p = 0.767, Pn?
= 0.04) or 200 m freestyle time-trial performances (F = 1.5, p = 0.265, Py? = 0.20). Moreover,
swimmers were successfully blinded in this study, only correctly predicting whether they consumed

either NaHCOj3 (IND or STND) or PLA on 33% of occasions.

7b.4 Discussion

The primary purpose of this investigation was to assess the effects of an individualised versus a
standardised NaHCOs ingestion strategy on repeated, high-intensity swimming performance. Despite
both NaHCO; strategies enhancing blood HCOs™ concentrations prior to exercise, neither provided
any additive ergogenic benefits compared to a Na*-matched PLA. The secondary purpose was to
observe acid-base recovery and whether this could improve performance in a follow-up 200 m
freestyle time-trial. After a 30 min active recovery window, both NaHCO3 strategies restored blood
HCOs concentration to elevated levels prior to exercise, though this again failed to produce any
ergogenic benefits. These results infer that NaHCOs, regardless of dosing strategy, may not be an
effective strategy for highly trained young swimmers to improve sprint swimming performances in

training, or enhance recovery for subsequent swimming time-trial bouts in competition.
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Individualising the timing of NaHCO; ingestion did not produce greater pre-exercise blood HCOs
concentrations compared a standardised approach (+0.8 mmol-L?, g = 0.32), supporting previous
research in world-class rowers (+0.5 mmol-L?, g = 0.29) (Boegman et al., 2020). However, the
previous study did observe pre-exercise blood HCOs™ increases of +6 mmol-L™* (individualised) and
+5.5 mmol-L*? (standardised) with both NaHCOs strategies (Boegman et al., 2020), which were
associated with ‘almost certain’ and ‘possible’ ergogenic benefits, respectively (Heibel et al., 2018).
In contrast, blood HCOs increases in the present study did not exceed the proposed ergogenic
threshold of +5 mmol-L* (Heibel et al., 2018), despite all swimmers reaching this threshold in the
initial time to peak testing. An explanation for this might be due to this study’s dietary controls, which
encouraged swimmers to consume a meal 1-3 hours before exercise to align with practical guidelines
(Shaw et al., 2014). This resulted in some swimmers either ingesting NaHCO; with their pre-exercise
meal (i.e., 120-150 min pre-exercise), or consuming their meal after NaHCOj3 ingestion (i.e., 150-195
min pre-exercise); both of which differed from the initial time to peak testing and likely affected
NaHCO; absorption characteristics (Abuhelwa et al., 2017; Remer & Manz, 1995). Conversely,
Boegman et al. (2020) utilised a standardised meal strategy that involved the ingestion of a snack
three hours before NaHCOs ingestion (i.e., 4-6 hours pre-exercise). Though, while this elicited greater
blood HCOs" responses, this meal strategy is unlikely to be replicated in practice, and therefore was
not considered for this study. As such, these results highlight the logistical challenges when
attempting to individualise NaHCO3 outside of laboratory conditions, potentially requiring further
investigation of blood HCO; time courses with different meal intakes and timings, and during a

variety of applied scenarios, to truly individualise NaHCOs ingestion for athletes.

Alternatively, he importance of achieving a +5 mmol-L* increase in blood HCOs is questionable.
Previous studies in swimmers have demonstrated ergogenic benefits of NaHCO3; when pre-exercise
increases in blood HCOs were only +3.5-4.4 mmol-L* above baseline values (Gao et al., 1988;
Kumstat et al., 2018; Zajac et al., 2009), which were in accordance with the observations in this study

(IND: +4.9 mmol-L*?, STND: +4.1 mmol-L?). This adds to the premise that an increased blood
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buffering capacity might not be the primary ergogenic mechanism following NaHCO; ingestion
(Westerblad, 2016), and instead the altered SID could delay muscle depolarisation and maintain
excitation-contraction coupling during high-intensity exercise (Siegler et al., 2016). In this study, pre-
exercise declines in blood CI- and Ca?* occurred prior to exercise, potentially signalling their
intramuscular uptake (Lihker et al., 2017; Sostaric et al., 2006). However, no differences in K*, Na*,
nor the collective SID were observed between NaHCOs; and PLA conditions, which contrasted
previous research (Gough et al., 2018a, 2019a, 2019b). This finding might have occurred due to the
use of a since Na*-matched PLA condition, which potentially induced a similar activity of the skeletal
muscle pumps and exchangers (e.g., Na*-K* or Na*-H*), and/or Na*-K* ATPase, as the NaHCO;
conditions (Siegler & Gleadall-Siddall, 2010). Though speculative, this could suggest that Na* is more
important than HCOs to secure an ergogenic benefit of NaHCOs; ingestion, thus adding further
support for future use of a time to peak SID approach (as per Chapter 7a). On the other hand, the Na*-
matched PLA contributed towards similar gastrointestinal symptoms as NaHCOs ingestion, perhaps
due to acute mucosal irritation and fluid shifts in the stomach (Metheny & Krieger, 2020). This could
also suggest that the side-effects from NaHCO; and PLA were equally ergogenic or ergolytic for
performance, warranting the use of non-supplemental control conditions in future to elucidate any

possible effects of NaHCO3; on swimming performance.

Another reason why NaHCO; may have been ineffective in this study was due to the exercise
protocols. The first swimming exercise involved 6 x 75 m maximal effort bouts with short rest
periods, which was selected based on its familiarity and repeatability in this cohort. Equally, this test
also induced large acid-base perturbations, which was evidenced through declines in blood HCOg3 (-
9-15 mmol-L?), SID (-11-15 mEg-L?), and pH (-0.19-0.21 units; data not presented) immediately
after exercise. However, because such large perturbations were produced over a short timeframe (<60
s), the rapid rates of change in pH (and thus intramuscular H* accumulation) were likely to outweigh
the possible ergogenic mechanisms expected from NaHCO3 supplementation (de Araujo Dias, 2015;

Higgins et al., 2013; McNaughton et al., 1992b). The second exercise protocol was an all-out
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swimming distance (200 m) that a recent meta-analysis suggested was likely to be enhanced with
NaHCOs ingestion (Grgic & Mikulic, 2022). Similarly, no performance benefits were observed
following either NaHCOs ingestion strategy, despite both conditions recovering and increasing blood
HCOs concentrations in the 30 min recovery window (both +3.5 mmol-L* vs. baseline; +6 mmol-L*
vs. PLA). Though while these blood values represent an elevated blood buffering capacity prior to the
time-trial exercise, this may not have contributed to an ergogenic effect since: (a) there were little
differences in SID between NaHCO; and PLA conditions; and/or (b) the initial repeated sprint
exercise impeded exercise by producing muscle damage and fatigue at the neuromuscular level
(Girard et al., 2011; Heubert et al., 2005). This is problematic when attempting to translate these
results to competition performances, since competitions only feature time-trial swimming and not
repeated sprint exercise. Yet, as NaHCO; successfully recovered and increased blood HCOs
concentrations 30 min after a maximal performance, future NaHCO; research involving repeated

time-trial swimming exercise is warranted.

This study is not without its limitations. Due to the financial and time burdens of this study, it was not
possible to replace the five male participants who withdrew after time to peak HCOj3 determination.
Unfortunately, this left study sample consisting mostly of female swimmers, in which menstrual cycle
stage was not accounted for. However, there is currently no information to suggest that menstrual
cycle phases alter the physiological and exercise responses to NaHCOj3; supplementation (Saunders et
al., 2022). Additionally, the one male swimmer in the study was highly competitive at the national
level, contributing to large SDs in performance data that could have masked the small, yet critical
improvements in exercise performance. To overcome this, data was presented at the individual level
using a SWC, in which no trends for a NaHCO3 benefit could be established. Moreover, it should be
noted that this study utilised a highly trained sample size similar to previous NaHCOs research
investigating repeated swimming intervals (n = 8-10; Campos et al., 2012; Gao et al., 1988; Zajac et
al., 2009) and 200 m time-trial efforts (n = 6-9; de Salles Painelli et al., 2013; Joyce et al., 2012;

Lindh et al., 2008; Pierce et al., 1992; Pruscino et al., 2008); though this may indicate that the
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majority of sport science research requires greater sample sizes to increase its statistical power (Jones
et al., 2003). Despite this, this was the first study to compare individualised and standardised NaHCO3
ingestion strategies in an applied swimming scenario, and thus the outcomes from this research have

important implication for both practice and future research.

7b.5 Conclusion

In summary, ingesting NaHCO;3 capsules at either individualised or a standardised (150 min) pre-
exercise time points provided no ergogenic benefit towards repeated swimming sprints, or a follow-up
200 m time-trial in highly trained adolescent swimmers. The prolonged ingestion timeframes when
using capsules caused logistical problems when aligning practical meal guidelines (i.e., 1-3 hours pre-
exercise), resulting in some swimmers ingesting NaHCO3; with meals, or consuming meals after
NaHCOs; ingestion, both of which differed from how individualised ingestion strategies were pre-
determined (i.e., meal 1-3 hours before NaHCOs3 ingestion). Nonetheless, increases in blood HCOs
were observed in accordance with previous research, which might alternatively suggest that the
exercise tests involved were too intensive to benefit from the proposed NaHCO3; mechanisms. Based
on the practical issues highlighted by this study, additional work is required in order to optimise
NaHCO; ingestion protocols for swimmers in applied practice. Furthermore, it is speculated that more
consistent ergogenic benefits might occur in middle-to-long distance swimming exercise (400-800

m), though with scant evidence, this cannot be confirmed at present.
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Chapter 8 — The Effect of Citrulline Malate on
Aerobic Swimming Performance in Highly

Trained Adolescent Swimmers
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8.1 Introduction

Citrulline malate (CM) has recently been touted as a possible ergogenic aid for sports performance
(Gough et al., 2021), although the best use of this supplement is currently unclear. The primary
ingredient, L-citrulline, is a known precursor to NO production, and is therefore thought to have
multiple physiological benefits that enhance muscle blood flow and O uptake kinetics (see Chapter 1,
section 1.5.3). Furthermore, L-citrulline also has roles in the urea cycle, which could enhance the
clearance rate of waste metabolites (e.g., ammonia) during exercise (Breuillard et al. 2015); possibly
delaying La  production and enabling a greater oxidative metabolism of pyruvate (thus increasing
ATP supply; Hargreaves & Spriet, 2020). Moreover, the co-ingestion of malate could have synergistic
benefits that promote the rate of oxidative ATP production via its roles in the TCA cycle (Gough et
al., 2021). One such pathway involves malate in anaplerotic reactions, where its dehydrogenation into
oxalacetate is critical for continued aerobic ATP production and resynthesis (Gibala et al., 2000).
Equally, malate is also involved in ancillary reactions that alter the concentrations of TCA
intermediates, possibly assisting ATP production during prolonged exercise (Bendahan et al., 2002).
Based on these suggested mechanisms, it is intuitive to suggest that CM would be of most ergogenic
benefit to whole-body exercise with a large aerobic component (Gough et al., 2021), such as

swimming training or middle- and long-distance swimming events (Rodriguez & Mader, 2011).

Though the CM mechanisms appear to be aligned with prolonged aerobic exercise, there has been
little research in this mode of exercise. Indeed, most early work with CM supplementation has
focused on resistance exercise, which appears to have followed on from a landmark study by Pérez-
Guisado and Jakeman (2010). This was one of the first investigations to utilise CM as an ergogenic
aid, finding 8 g CM (60 min pre-exercise) to enhance bench press repetitions to failure both before
(+18%) and after (+53%) a chest-based workout. Research has since aimed to replicate these positive
results, though the outcomes have been equivocal (Aguiar & Casonatto, 2022; Varvik et al., 2021). To

date, only two studies have measured performance in exercise that is considered to be aerobic, both of
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which failed to show CM to have any effect on Tum cycling (>90% VOapeak, Cunniffe et al., 2016;
Gills et al., 2021). However, these studies had confounding factors that should be considered. First,
Gills et al. (2021) administered an 8 g CM dose that has been associated with mixed performance
outcomes (Gough et al., 2021), therefore higher doses of 12-15 g may be necessary to elicit more
consistent increases in plasma L-citrulline and NO (Moinard et al., 2008); especially in trained
participants (Jones et al., 2018). Second, Cunniffe et al. (2016) measured performance following 10 x
15 m maximal cycling sprints, which could have: (a) hindered aerobic work capacity by causing local
muscle fatigue (Heubert et al., 2005); or (b) allowed the window for ergogenic potential (~60 min
post-ingestion) to pass before the aerobic work had started (Gough et al., 2021). As a result, there is a

need for further research investigating the effects of 12-15 g CM on full-body, aerobic exercise.

Swimmers are one such population that could benefit from the purported CM benefits, given their
sport demands a large muscular recruitment from the upper and lower body, while also stressing both
the aerobic and anaerobic energy systems (Pyne & Sharp, 2014). Enhancing physiological functions
such as blood flow, ammonia/blood La  clearance, and ATP production could all therefore be
expected to enhance middle-distance swimming performances (200-400 m), particularly if these
distances are repeated across multiple training sets (Rodriguez & Mader, 2011). Thus, the purpose of
this study was to investigate whether a high CM (15 g) dose could be ergogenic to the aerobic

performances of highly trained swimmers in a typically used training set (6 x 300 m).

8.2 Methods

8.2.1 Participants

An a priori power calculation (input parameters: repeated measures ANOVA test for within-between
interactions, two groups, six measures, a = 0.05; B = 0.80; correspondence = 0.78, based on

repeatability data presented in section 8.2.4) determined that a sample of size of 14 swimmers was
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required to identify a small effect size (0.20) in mean 300 m swimming performance with a power of
84% (G*Power, v.3.1.9.4, Universitat Dusseldorf, Germany). Seventeen highly trained national and
age-group swimmers (see Chapter 2, section 2.1.2) from a high-performance swimming club were
therefore recruited for this study (aged >16 years, training for competitive distances >200 m).
However, six swimmers withdrew from the study before data collection was complete (four attrition,
one injury, one withdrew consent), resulting in a final study sample of 11 highly trained young
swimmers (six male, five female, age: 17 + 3 years, height: 1.71 + 0.05 m, body mass: 60.6 + 8.3 kg,
WA points for 200 m freestyle: 650 + 99). Though this sample size was below the recommendation,
this was justified based on the time and resource constraints of conducting the experiment in a highly
trained cohort (Lakens, 2022). At the time of the study, all swimmers were engaged in an aerobic
training phase that consisted of 6-8 pool (mean swimming volume: 52.1 + 7.7 km-week™?) and 2-3
land-based training sessions (~60 min) each week. Written informed consent was provided prior to
participation in this study by all swimmers and their parents/guardians if aged under 18 years. Ethical
approval was granted by BCU, which was in accordance with the Declaration of Helsinki

(Newbury/#10146/sub2/R(B)/2022/Mar/HELS FAEC).

8.2.2 Preliminary Procedures

All pre-experimental controls were in accordance with Chapter 2 (section 2.1.4). These included
swimmers being instructed to follow their habitual nutrition practices prior to training, except for
limiting NOs™-rich foods in the seven days before each experimental trial (Gough et al., 2021). Both
swimmers and their parents/guardians received a list of NOs™-rich foods to facilitate adherence to this
request. Two swimmers reported the use of chronic ergogenic aids (i.e., beta-alanine, creatine), which
was permitted as these had consistently been ingested for over 24 weeks, thus the largest
physiological adaptations with these supplements would have already occurred (Chung et al., 2012;
Peyrebrune et al., 2005). Adherence to the dietary controls was checked via a verbal recall with each

swimmer, as per previous research (Cunniffe et al., 2016; Gills et al., 2021).
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8.2.3 Experimental Procedures

This study involved three trials: one familiarisation, and two experimental trials that were conducted
in a double-blind, randomised, and crossover design. Immediately on arrival at the training venue,
swimmers completed five min seated rest before giving baseline (BASE) blood La and blood
pressure (SBP and DBP) measures, which were carried out as per Chapter 2 (sections 2.2.5 and 2.2.6,
respectively). Following BASE measures, all swimmers were given an opaque sports bottle
containing either CM or PLA. The experimental solution consisted of 15 g CM (Myprotein,
Manchester UK), 100 mL orange cordial (Sainsburys, Leeds, UK) and 300 mL water. The PLA
consisted of 400 mL orange cordial (Sainsburys, Leeds, UK) in accordance with Cunniffe et al.
(2016). Both solutions were ingested within a five min window, 60 min before the start of exercise.
The CM dose and timings used in this study were thought to produce peak plasma L-citrulline and NO
concentrations compared to other dosing strategies (Moinard et al., 2008). None of the swimmers had
prior experience of ingesting CM and all solutions were created and randomised by a sport and

exercise technician.

In the 60 min ingestion window, swimmers prepared for exercise by following the warm-up routines
previously outlined in Chapter 2 (section 2.4.1). This included ~10-15 min of land preparation, before
entering a 25 m pool for a ~30 min progressive swimming warm-up prepared by the head coach. The
remaining 15 min was spent in passive rest while swimming lanes were organised for the aerobic
swimming test. In this time, pre-exercise (PRE-EX) measures of blood La  and blood pressure were
taken. In addition, RPE was collected using a CR10 Borg scale (Borg, 1998) to rate the perceived
intensity of the warm-up. Each measurement (blood La- SBP, DBP, RPE) was collected once more
immediately at the cessation of the aerobic swimming test (POST-EX). All warm-ups, swimming
lanes, and timings were kept consistent for both experimental trials. At the end of each experimental
trial, swimmers were asked to predict their supplement ingestion in accordance with the processes in

Chapter 2 (section 2.4.5).
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8.2.4 Aerobic Swimming Test

A 6 x 300 m maximal freestyle swimming test was used to measure aerobic swimming performance,
which was recommended by the head coach based on prior use in this cohort. The test required a
maximal 300 m freestyle time-trial to be completed every 4.5 min for six bouts, with the time between
300 m completion and the following bout (~60 s) serving as passive rest. In the three months prior to
the study, four swimmers had completed the 6 x 300 m test on a more frequent basis (3-6 attempts),
demonstrating a high test-retest reliability for mean 300 m completion time (CV: 1.1-2.9%), as well
an ‘excellent’ reproducibility of results over their first three attempts (ICC: r = 0.782, p = 0.005)
(Atkinson & Nevill, 1998; Koo & Li, 2016). This exercise protocol was therefore considered as a
suitable measure of aerobic performance in highly trained adolescent swimmers. Performance times
were measured by two experienced swimming coaches, with the mean of their times recorded for data
analysis. Swimmers performed the 6 x 300 m test with a maximum of two per lane, which was kept
consistent for all trials. Aggregated time-to-complete all 300 m time-trials, mean 300 m time, and

individual 300 m time-trial bouts were all analysed for possible CM versus PLA differences.

8.2.5 Statistical Analysis

All statistical tests were carried out in accordance with Chapter 2 (section 2.5.2). Paired samples t-
tests were used to compare mean performance outcomes (aggregated time-to-complete 6 x 300 m,
mean 300 m time) following CM and PLA ingestion, whereas a one-way ANOVA was also used to
explore potential sex differences. A 2 (supplement) x 3 (BASE, PRE-EX, POST-EX) repeated
measures ANOVA was used to compare blood La, SBP, DBP, and RPE between supplement
conditions, with these measures also assessed for sex-based differences with a three-way ANOVA
(supplement x time x sex). Effect sizes are reported as Pn? for all ANOVA tests, whereas g was
calculated and reported for all pairwise comparisons (for interpretations, Chapter 2, section 2.5.2).
Test-retest reliability for the 6 x 300 m swimming test was presented using based on past data from

four swimmers using CV and ICC calculations (see Chapter 2, section 2.5.3). A SWC was calculated
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for mean 300 m time (£1.9 s) by multiplying the SD of a control group of swimmers by 0.2 (Bernards

etal. 2017).

8.3 Results

8.3.1 Aerobic Swimming Performance

There were no differences in the aggregated time-to-complete 6 x 300 m (p = 0.679, g = 0.08), mean
300 m time (p = 0.683, g = 0.09), or any individual 300 m swimming bout (F = 1.2, p = 0.679, Pp?=
0.02) between CM and PLA conditions (Table 8.1). Inspection of individual data found nine
swimmers exceeded the SWC for mean 300 m time, though this was highly variable with five
swimmers performing better with CM (mean change: -6.5 + 2.5 s) and four performing better with
PLA (-5.4 £ 1.2 s) (Figure 8.1A). Sub-group analysis did not identify any sex differences at the group
mean level (F = 2.5, p = 0.093, n? = 0.29), with similar mean 300 m swimming times for both males
(CM: 3:27.1 £ 8.9 s vs. PLA: 3:29.6 £ 5.9 5, g = 0.31) and females (CM: 3:37.9 = 7.5 s vs. PLA:
3:36.5+8.7s, g =0.16) (Figure 8.1B). At the individual level, however, a greater proportion of males
exceeded the SWC with CM (three improved, two maintained, one worsened; mean change: -2.5 + 5.8
s), whereas performance changes were more variable in females (two improved, three worsened,;

mean change: +1.4 + 6.0 s).

Table 8.1. Mean swimming times per bout during the 6 x 300 m freestyle test.

Mean 300 m time (min:s)

300 m bout Effect Size (9)
CM PLA
1 3:30.4+9.38 3:32.2+8.3 0.19
2 3:31.8+9.0 3:325x7.1 0.08
3 3:31.6+£94 3:331+81 0.16
4 3:33.4+10.1 3:33.0+7.2 0.04
5 3:33.0+£10.0 3:33.6+8.2 0.06
6 3:31.8+105 3:322+94 0.03
Mean 3:32.0+£9.6 3:32.8+ 7.7 0.09
Aggregated 21:12.0£57.8 21:16.6 £ 46.6 0.08
Mean + SD.
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Figure 8.1. Mean and individual (A) aggregated time-to-complete, and (B) mean 300 m swimming

time during the 6 x 300 m freestyle test.

8.3.2 Physiological Variables

Blood La concentrations were similar between supplements across the study timeframe (F = 2.3, p =
0.126, Pn? = 0.19; Figure 8.2), with no significant effects of sex being observed (F = 1.7, p = 0.224,
Pn?=0.16). There was, however, a small effect size calculated at the POST-EX time point (CM: 6.6 +
2.9 mmol-L? vs. PLA: 5.2 + 3.0 mmol-L?, g = 0.46), which was more noticeable in male (CM: 7.9 +
2.7 mmol-L? vs. PLA: 5.2 + 3.6 mmol-L?, g = 0.78) than female swimmers (CM: 5.1 + 2.5 mmol-L*

vs. PLA: 5.2 £ 2.7 mmol-L?, g =0.03).
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Figure 8.2. Mean changes in blood La across the study timeframe.

Similarly, there were no effects of CM on SBP (F = 1.4, p = 0.267, Py?=0.12) or DBP (F=1.2,p =
0.311, Py2=0.11) across the study timeframe (Figure 8.3), including no effects of sex (SBP: F = 2.7,
p = 0.097, Py?=0.23; DBP: F = 1.8, p = 0.202, Pn?= 0.16). Despite this, a moderate effect size was
calculated at the POST-EX time point between conditions for SBP (CM: 149 + 18 mmHg vs. PLA:
138 £ 16 mmHg, g = 0.64), which occurred in both male (CM: 153 + 14 mmHg vs. PLA: 142 + 19

mmHg, g = 0.60) and female swimmers (CM: 145 + 22 mmHg vs. PLA: 134 + 13 mmHg, g = 0.58).
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Figure 8.3. Mean changes in (A) SBP and (B) DBP over the study timeframe.

8.3.3 Ratings of Perceived Exertion

All swimmers reported similar RPE scores regardless of supplement (F = 0.8, p = 0.397, Pyp? = 0.07)
or sex (F = 0.1, p = 0.941, Py? <0.01). However, a small effect size was calculated following the 6 x
300 m test (CM: 9.0 = 0.8 units vs. PLA: 8.6 = 1.1 units, g = 0.40), which appeared to be more
evident in male (CM: 9.2 £ 0.8 units vs. PLA: 8.5 = 1.0 units, g = 0.71) than female swimmers (CM:
8.8 £ 0.8 units vs. PLA: 8.8 £ 1.3 units, g <0.01). Warm-up RPE was consistent for both trials (CM:

5.5+ 0.8 units vs. PLA: 5.5 + 0.7 units, g <0.01).

8.3.4 Order Effects and Supplement Predictions

There were no differences in the mean 300 m swimming times between the familiarisation and the
two experimental trials (F = 0.9, p = 0.434, Pp? = 0.08). Swimmers predicted their supplement

ingestion on 50% (11 of 22) occasions.
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8.4 Discussion

The aim of this study was to investigate the effects of 15 g CM on the aerobic swimming
performances of highly trained male and female swimmers. At the group mean level, CM did not have
any influence during a 6 x 300 m freestyle swimming test, with variable performance outcomes being
observed (five improved, four worsened, two maintained). Moreover, there was little evidence to
suggest that CM influenced blood pressure, blood La™ production, or RPE across the study timeframe;
indirectly suggesting that the purported CM mechanisms were not active in this study. Possible CM
effects were observed when taking sex into account, such that males seemingly had a more consistent
performance effect (three improved, two maintained, one worsened) than females (two improved,
three worsened). However, as this was based on a small sub-group of swimmers, further research with
a larger participant sample is required. Resultantly, the use of CM as an ergogenic aid for aerobic

swimming cannot be recommended at present, particularly in highly trained adolescent cohorts.

Overall, this study found variable performance outcomes when highly trained adolescent swimmers
ingested 15 g CM an hour before an aerobic swimming test (6 x 300 m). The reasons for such
variability were unclear, although the lack of performance effect with CM benefit does align with past
research. Indeed, neither Cunniffe et al. (2016) nor Gills et al. (2021) reported an ergogenic effect
when male cyclists ingested 8-12 g CM prior to Tuwm cycling (>90% VOzpeak). One consistency
between all three studies was the use of trained participants, which could negate the CM effects on
NO production since these systems may already be upregulated through training adaptations
(McConell et al. 2007; Totzeck et al 2012). This theory might also support why males in this study
seemingly had a more consistent supplement effect than females, since post-hoc observations found
the male sub-group to have less WA points than females (605 + 118 vs. 704 *+ 21 points); suggesting
they were of a lower training status in middle-distance swimming events (World Aquatics, 2023).
However, these observations should be interpreted with caution as they were made in a small sub-

group of the participant cohort, whereas neither this study nor its predecessors directly measured NO
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bioavailability (Cunniffe et al. 2016; Gills et al. 2021). Nonetheless, since possible aerobic benefits
might have been observed in trained male swimmers, further investigation with a larger sample size is

warranted.

No clear differences in physiological or perceptual measures were observed following CM or PLA
ingestion, which was unexpected given that a large CM dose was used. In contrast, an observation of
effect sizes indicated that SBP may have been increased during exercise with CM ingestion (+11
mmHg), supporting previous suggestions that blood flow regulation might not be a primary acting
mechanism (Trexler et al., 2019). This cannot be confirmed, however, since blood pressure
measurements are not directly associated to blood flow/vasodilation in healthy, young swimmers
(Barkhidarian et al., 2019). Moreover, past research has also identified an ergogenic effect with CM
when no blood pressure changes were observed (Wax et al., 2015, 2016). Potential increases in SBP
might therefore be related to the sensitivity of the sphygmomanometer, with noise (e.g., public
swimming environment), postural changes (e.g., prone swimming to seated position), and/or machine
accuracy all factors that could have affected results (Sharman & LaGerche, 2015). Moderate effect
sizes in sub-group analyses also indicated that male swimmers might have experienced greater blood
La  accumulation (+1.7 mmol-L™*) and RPE (+0.7 units) during exercise with CM, which contradicts
the proposed benefits associated with urea function and ATP replenishment (Bendahan et al., 2002).
However, since variable blood La and RPE results are frequently reported in CM and L-citrulline
research (Gough et al. 2021; Rhim et al. 2020), these results should also be interpreted curiously since
they were only found via effect sizes in an underpowered study sample. Combined, these results
highlight the need for more direct measures of ammonia, blood flow, and ATP concentrations in
future research to elucidate the acting CM mechanisms. Although, incorporating such measures can
be invasive and produce logistical challenges that may not be appropriate in highly trained swimming

cohorts.
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The application of 6 x 300 m maximal freestyle bouts was based on reliable and repeatable results in
four swimmers, though these swimmers primarily specialised in long-distance freestyle events (400-
1500 m). This produced a potential limitation as recruitment as this study included swimmers
specialising in middle distances (200400 m), who may have found the test more physically and
mentally challenging than their peers (Piras et al., 2019; Pyne & Sharp, 2014). Resultantly, a reduced
exercise motivation could have been the key driver behind the variable performance outcomes, as
opposed to differences caused by training status and/or sex. However, since no subjective measures of
pre-exercise motivation were recorded, possible CM effects cannot be ruled out at present. Another
possible limitation was that swimmers seemed to be able to detect their supplemental condition
having already tasted the PLA supplement, stating that 15 g CM gave a more ‘sour’ and ‘spicy’ taste.
This enabled the swimmers to correctly predict their supplement condition on 50% of occasions,
though based on their variable performances with CM, it was unlikely that an expectancy effect
occurred. Nonetheless, to counter this issue, future PLA treatments could be better taste-matched,
whereas subjective measures of ergogenic expectancy are also recommended to identify participant

attitudes before and after supplement ingestion.

8.5 Conclusion

Consuming 15 g CM an hour before an aerobic swimming test (6 x 300 m) did not produce any
ergogenic benefits for highly trained adolescent swimmers. Moreover, no clear differences between
CM and a PLA occurred in measures of blood La, blood pressure, or RPE. There was, however, some
evidence to suggest that SBP was raised after exercise with CM ingestion, though it was unclear
whether this was a supplement effect or through the accuracy of measurement. Future research
involving more direct physiological measurements of ammonia, NO production, and ATP are
therefore required where logistically possible to elucidate the CM mechanisms of action. Given that
CM had no clear benefits towards swimming performance, this supplement cannot currently be

recommended as an ergogenic aid for highly trained adolescent swimmers.
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Chapter 9 — General Discussion
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9.1 Key Outcomes and Future Directions

9.1.1 Dietary Observations

Chapter 3 of this thesis observed the habitual dietary intakes of UK-based, highly trained adolescent
swimmers at three different training phases: during a regular training cycle; during a period of no
formal training (COVID-19 lockdown); and during a period of reduced training volume (post-
COVID-19 lockdown). At the conception of this thesis, only two studies had investigated the
nutritional intakes of adolescent swimmers at multiple time points, showing that nutrition intakes
remained unchanged across the season regardless of the training demands (Alméras et al., 1997,
Kabasakalis et al., 2007). In contrast to this previous work, current adolescent swimmers appear to
manipulate their dietary energy and macronutrient intakes to reflect a change in training demands.
Moreover, most swimmers also reported consuming the minimally recommended macronutrient
intakes at all time points (i.e., CHO: >3-5 g-kg BM-day™, protein: >1.5 g-kg BM*-day™; Shaw et
al., 2014), suggesting that this cohort had a high level of nutritional competence. A caveat to this
finding, however, was the swimmers in this study were all receiving sport nutrition support prior to
and during the observation period. Therefore, while these findings suggest that adolescent swimmers
are consuming appropriate diets to support health, performance, recovery, and growth (Desbrow,
2021; Hannon et al., 2020b); this outcome can only be generalised to swimmers who directly engage
with sport nutrition support. As this may not be the case at many high-performance swimming clubs
(Jovanov et al., 2019; Moreno et al., 2022), more accessible sport nutrition support may be needed

across the swimming landscape.

During periods of formal training, highly trained adolescent swimmers also reported dietary intakes
that achieved the UK RNI for most micronutrients. This outcome corroborated previous research in
adolescent swimmers (Hassapidou et al., 2002; Kabasakalis et al., 2007; Martinez et al., 2011; Simi¢
& Mohorko, 2018), likely because this cohort consumes a naturally high vitamin and mineral intake
through their heightened DEI requirements (Shaw et al., 2014; Thomas et al., 2016). One concern was
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that 75% of female swimmers reported an inadequate iron consumption at both in-season time points
(~13-14 mg-day); however, these mean intakes were only just below the UK RNI (<14.8 mg-day™).
Such intakes may have therefore been a reporting error and were not expected to pose a risk to health
and/or performance (Lukaski et al., 1996; Vallieres et al., 1989); though this should be considered on
a case-by-case basis. Conversely, the lockdown period coincided with a decline in most micronutrient
intakes, resulting in many swimmers failing to achieve the UK RNI for calcium, iron, magnesium, and
potassium. This could be problematic in times of DEI restriction, such as in future pandemics;
recovery from serious injuries/illnesses; or when purposefully targeting a reduction in body fat
percentage; all times where inadequate micronutrient intakes are critical to maintain health status
(Huskisson et al., 2007). Nonetheless, based on these outcomes, it does not appear that micronutrient
intakes are a key concern in highly trained adolescent swimmers when they are consuming a large
DEI to meet in-season training demands. Thus, in future periods of energy restriction, swimmers
should seek individualised sport nutrition support and consider the use of vitamin and mineral

supplements (Close et al., 2022).

It was unclear from this thesis whether the nutritional behaviours of highly trained adolescent
swimmers were altered by the COVID-19 pandemic. Indeed, dietary intakes before and after the
COVID-19 lockdown suggested that swimmers maintained a similar nutritional profile, albeit with
increased inter-individual variations within each intake variable. This indicates that a greater
proportion of swimmers began to over- or under-consume some nutrients after COVID-19, possibly
because: (a) not all swimmers readjusted their intakes following the return to sport (Alméras et al.,
1997; Montenegro et al., 2017); (b) diet quality had declined (Pillay et al., 2020); and/or (c) swimmers
reported their intakes less accurately due to a reduced motivation/increased anxiety as lockdown
conditions extended beyond five weeks (Fitzgerald et al., 2021; Magkos & Yannakoulia, 2003; Pillay
et al., 2020). The latter point was supported since the original timeline for food diary collections
included a July time point (four months into lockdown), although poor submissions at this time meant

that this time point could not be analysed. However, these possible COVID-19 effects remain
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speculative, given this thesis did not seek to capture the swimmers’ thoughts and perceptions before,
during, or after the lockdown period. Practitioners should therefore continue to monitor the dietary
intakes of highly trained adolescent swimmers, as support and interventions may be required on an

individual basis following the return to sport.

Throughout Chapters 6-8 of this thesis, swimmers were encouraged to consume their habitual pre-
exercise nutritional intakes to replicate how supplements would be ingested in training and
competitions. Further analyses found that typical pre-exercise meals were ingested 1-3 hours before
swimming, and included the following the intakes that aligned with the recommendations for
swimmers (Shaw et al., 2014; Stellingwerff et al., 2011): energy = 10.5 kcal-kg BM* (696 + 308
kcal); CHO = 1.1 £ 0.7 g-kg BM™* (72 £ 42 g); protein = 0.6 + 0.2 g-kg BM* (37 + 17 g); and fat =
0.4 £ 0.3 g-kg BM1(26 + 16 g). It should be noted, however, that these intakes were assessed through
a variety of collection methods within chapters, such that photographed food diaries were used for
familiarisation trials, followed by either verbal recall or written food logs to monitor adherence. Thus,
the accuracy of these combined intakes is questionable. Nevertheless, it appeared as though highly
trained adolescent swimmers could appropriately time energy and macronutrients to support their
swimming performance, which in addition to consuming adequate daily intakes, appears to justify the

use of ergogenic aids as an advanced nutritional strategy (Garthe & Maughan, 2018).

A concern throughout this thesis was that many adolescent swimmers either chose not to engage with
sport nutrition support or did not develop the skills to apply knowledge to practice. For example,
retrospective analysis of food diaries was only possible in 13 of 26 available swimmers in Chapter 3,
due to swimmers either failing to provide a food diary for three full days; providing a written food
diary with unclear information; or not providing a food diary at all. Resultantly, this chapter may have
only accounted for the nutrition intakes of swimmers who had a high nutrition proficiency and/or
genuine interest in their own nutrition. This could therefore give an inaccurate portrayal of the

nutrition intakes taking place across the whole swimming club. Further evidence of this was found in
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Chapter 5, since only 35% of swimmers adhered to supplement recommendations (2000-5000
IU-day? vitamin Ds) after receiving education and resources. Indeed, this chapter did not exclude the
non-adherent swimmers from data analysis, subsequently showing that most developed an insufficient
or deficient vitamin D status after not engaging with nutrition advice. Combined, these outcomes
highlight a potential flaw in current sport nutrition provisions, despite the presently used methods
(i.e., classroom-based) improving sport nutrition knowledge in adolescent swimmers (Foo et al.,
2021). Potential solutions to better transfer knowledge into practice could be to co-educate swimmers
with key stakeholders (i.e., parents/guardians, coaches), as this could reinforce nutrition principles and
support long-term adherence (Dorsch et al., 2019); or by using non-financial incentives to increase
engagement, such as gamification methods which could appeal to this cohort’s competitive nature
(Tam et al., 2019). Although, both of these alternative education methods require further research as it

is currently unclear whether they are more effective than a classroom approach.

9.1.2 Supplement Intakes

Comparable to previous research in competitive swimmers (Moreno et al., 2022; Shaw et al., 2016a),
Chapter 5 of this thesis showed that 98% of swimmers from a UK-based, high performance
swimming club regularly engaged in supplement use. What was novel about this research, however,
was that it investigated three distinctive phases in the swimming talent pathway: national-level (aged
>16 years); age-group (aged 13-17 years); and development (aged 11-14 years) swimmers. Since this
thesis showed widespread supplement use at all three of these stages, the following discussion will

focus on practical applications for each training phase.

In the youngest of the age categories, development swimmers typically used four different
supplements, most of which were sports supplements at competitions, with multivitamins also
frequently used on a more regular occurrence. Other novel findings were that swimmers at this

training age: (a) utilised parents/guardians as the primary source of supplement information (74%);
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(b) mostly obtained supplements from grocery stores (78%); (c) consumed supplements primarily for
‘performance’ (37%); and (d) were unsure why they consumed 18% of all supplements. Together, this
information suggests that parents/guardians of young swimmers purchase and supply their children
with accessible supplements, often without a rationale for their use. This could be a problem given
that a surprisingly high proportion (12-58%) of nutritional supplements contain banned substances
(Martinez-Sanz et al., 2017); though this is mostly associated with ‘performance-enhancing’,
‘stimulant’, or ‘proprietary blend’ supplements purchased via the internet, rather than commercially
available sports foods and drinks (Attipoe et al., 2017; Geyer et al., 2004; Kamber et al., 2001; Parr et
al., 2007). Nonetheless, because development swimmers stated ‘performance’ as their main reason for
using nutritional supplements, this thesis supports targeting sport nutrition and doping education (e.g.,
clean sport programme) towards swimmers and their parents/guardians early in their swimming
careers, which could support the safe uptake of supplements at later training stages (Hurst et al.,
2020). Moreover, these outcomes also highlight a potential need for swimming clubs to integrate
greater support to develop swimmers’ (and their parents/guardians) practical nutrition skills and food
literacy, in order to shift the focus away from ‘performance’ and towards more developmental goals

that are important at this early training age (Shaw et al., 2014).

Elite swimmers are recognised for their widespread use of nutritional ergogenic aids (Moreno et al.,
2022; Shaw et al., 2016a), yet prior to this thesis, it was unclear at what age their ingestion becomes
commonplace. Chapter 4 showed this time point occurred between the ages of 13-17 years, where
age-group swimmers started utilising CAF (23%), creatine (8%), and beta-alanine (8%). Additionally,
a lower proportion of swimmers consumed sports foods and drinks at competitions, yet an increased
number of swimmers reported ingesting pill and powder sports supplements on a more regular basis
(e.g., protein powder: 54%, electrolytes: 38%). Experienced national swimmers reported consuming a
similar number of ergogenic aids as international swimmers (~2 per swimmer; Moreno et al., 2022;
Shaw et al., 2016a), including widespread use of CAF (82%), creatine (55%), beta-alanine (45%), and

NaHCOs (36%). A potential explanation for these high supplement intakes may be related to
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swimmers displaying high rates of attrition at ~16-20 years of age, particularly if continuous
performance improvements or competitive success are not being achieved (Monteiro et al., 2017). It is
therefore intuitive to suggest that supplement intakes at the age-group and national levels should be
managed, rather than discouraged by performance nutritionists. This may be best achieved by
introducing progressive nutrition strategies as swimmers progress in training age; firstly, focussing on
achieving the basic nutrition principles with practical skills (e.g., food literacy, cooking skills,
shopping); then building sport nutrition knowledge and awareness of nutritional supplements with
possible health and performance benefits; and finally, individualising ergogenic supplement intakes

based on specific performance and/or body composition requirements (Garthe & Maughan, 2018).

A progressive nutrition strategy was observed in the investigated swimming club throughout this
thesis, as demonstrated in Chapter 2 (section 2.1.4). In brief, electronic resources (e.g., recipe books,
macronutrient sources, basic sport nutrition) were directed at parents/guardians at the development
level; structured group education and practical workshops (e.g., cooking, shopping, meal planning)
were introduced at the age-group level; and individualised support was available to experienced
national swimmers (e.g., consultations, body composition periodisation, supplement strategies).
Subsequently, both age-group and national swimmers cited a performance nutritionist as their primary
supplement advisor, though only for ~50% of all reported supplements. Furthermore, limitations in
the data collection process meant that supplement doses and timings were not reported, nor was it
asked whether supplements were sourced from batch-tested suppliers; both important pieces of
information needed to assess whether safe supplement practices were being followed (Burke, 2019).
The interview method also removed the anonymity of the swimmer; therefore, it was plausible that
not all supplements were declared due to fears that the nutritionist/researcher might not be supportive
of their decisions (Kasper et al., 2020). Resultantly, it was not possible to determine whether the
progressive sport nutrition strategy used within the investigated high-performance swimming club
supported the safe and effective uptake of nutritional supplement, warranting further research with

more in-depth questioning regarding adolescent supplement ingestion. Nonetheless, the aim of
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Chapter 4 was to investigate the supplement intakes at different training phases and observe possible

trends between performance levels, in which novel research outcomes were achieved.

9.1.3 Observations in Vitamin D Status

All swimmers throughout this thesis spent the autumn and winter months training in the UK (latitude
=52° N), spent a large quantity of time completing indoor training (15-20 hours-week™, see Chapters
3-4), and consistently consumed inadequate vitamin D intakes (<10 pg.day™; see Chapter 3); all of
which are risk factors for vitamin D deficiency (Farrokhyar et al., 2015; Thomas et al., 2016).
Theoretically, the provision of group education and supplement guidance to adolescent swimmers and
their parents/guardians would have increased swimmers’ awareness of the importance of vitamin D
(Hollabaugh et al., 2022; Leitch et al., 2021), potentially negating the seasonal declines in 25(OH)D
observed in previous research (Dubnov-Raz et al., 2015; Geiker et al., 2017; Rockwell et al., 2020a).
However, the present thesis showed that this was not the case, with 60% of swimmers experiencing
declines in vitamin D status, including 70% of the cohort entering a mid-winter training period with
an insufficient 25(0OH)D (25% deficient). This outcome suggests that education alone is not an
adequate strategy to offset vitamin D declines or influence the uptake of vitamin D3z supplements.
Indeed, evidence from Chapter 4 showed that only 38% and 20% of age-group and development
swimmers declared the use of vitamin D3 supplements, respectively. In comparison, this percentage
was higher (73%) within national swimmers, who each received individualised sport nutrition support
and supplement guidance. This suggest that a more personalised approach centred around behaviour
change techniques might be required to influence vitamin D intakes in future (Michie & Johnston,
2012). Though as not all swimmers will have direct access to performance nutritionists who can
utilise such techniques, further research is needed to identify alternative strategies to incentivise

vitamin D3 supplement uptake in adolescent swimmers at the group level.
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While this thesis and other research showed that 2000-5000 IU-day? vitamin D; is an effective
strategy to offset seasonal declines in vitamin D status (Dubnov-Raz et al., 2015a; Lewis et al., 2013b;
Rockwell et al., 2020a), it remains unclear how this translates into health and/or performance benefits
for swimmers. For instance, Dubnov-Raz et al. (2015a, 2015b) found no differences in swimming
performance, strength, or illness severity between swimmers who increased their 25(OH)D with 2000
IU-day? vitamin Ds, versus non-supplementing swimmers who experienced large seasonal declines.
Lewis et al. (2013b) on the other hand, found that 77% of muscle injuries occurred following large
reductions in serum 25(OH)D (>25 nmol-L?). However, this was found in swimmers who all
maintained a sufficient vitamin D status year-round (>100 nmol-L™?), potentially inferring that
negative effects might be related to the overall decline in 25(OH)D as opposed to having an
insufficient or deficient status. Alternatively, Rockwell et al. (2020a) showed that swimmers who
supplemented with 5000 IU-day? vitamin Dz maintained their serum 25(0OH)D (131 + 29 nmol-L?),
while also displaying increases in circulating testosterone and lower body power output (deadlift,
squat, vertical jump). Interestingly, this effect was not observed in swimmers who did not use vitamin
Ds supplements, who experienced large 25(OH)D declines (~30 nmol-L) but also maintained a
sufficient status (81 + 16 nmol-L?). Thus, while preventing seasonal declines in serum 25(0OH)D
appears to be beneficial, further research is needed to determine whether: (a) developing insufficient
vitamin D actually causes health or performance decrements; (b) if an optimal vitamin D status exists
for highly trained adolescent swimmers; and (c) whether particular supplement protocols (i.e., 5000

IU-day?) carry ergogenic potential.

9.1.4 The Effectiveness of Ergogenic Aids

The second part of this thesis sought to identify the effectiveness of three acute ergogenic aids (CAF,
NaHCOs, CM) in applied swimming scenarios. Considering that highly trained adolescent swimmers
appeared to be capable of consuming adequate daily nutrition intakes under the guidance of a

performance nutritionist, it was thought that the addition of ergogenic supplements would optimise
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swimming performance (Garthe & Maughan, 2018). However, neither of the investigated
supplements showed any performance benefits versus PLA conditions (Table 9.1). These outcomes
add further ambiguity over whether highly trained adolescent swimmers should be engaging in
widespread ergogenic supplement use, given that risk-benefit analyses often do not seem to be
worthwhile (Desbrow et al., 2014). However, the outcomes of this thesis only add to the scant
research currently available in highly trained swimmers, warranting further research in different
applied scenarios, and with alternative dosing strategies, before the beneficial effects of ergogenic
aids can be dismissed. As a result, the practical applications and future directions from each

experimental chapter shall be discussed, and how these may relate to future practice.

Table 9.1. Performance outcomes following highly trained adolescent swimmers’ ingestion of acute

nutritional ergogenic aids.

; : Effect Size vs Swim_mers
Supplement Ingestion Protocol Exercise Protocol PLA (q) ' Achieving the
g SWC vs. PLA
Evening ingestion:
3 mg-kg BM- 100 m TT 0.07 10f8
. . (specialist stroke)
CAF 60 min before exercise
. 100mTT
Next morning (specialist stroke) 0.06 0of8
. -1
0.3g kg_BM 6x75m
105-195 min before - 0.15 20f7
. (specialist stroke)
exercise
NaHCOs (IND) 0.3 g-ka BM-.
-0 g-Kg BM”
. 200mTT
150-240 min before (freestyle) 0.01 lof7
exercise
0.3 g-kg BM? 6 x75
© 99 . x> 0.03 10f7
150 min before exercise (specialist stroke)
NaHCOs (STND) )
0.3 g-kg BM' 200mTT 0.05 00f 7
195 min before exercise (freestyle) '
15 6 x 300 m
cM A 0.09 5 of 11*
60 min pre-exercise (freestyle)

CAF = caffeine (Chapter 6); NaHCOj3; = sodium bicarbonate (Chapter 7b); CM = citrulline malate
(Chapter 8); * = note that 5 of 11 also performed slower than PLA.
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Chapter 4 found CAF to be the most popular ergogenic aid used by highly trained adolescent
swimmers; however, the efficacy of this supplement was challenged given its failure to enhance
swimming performance (Chapter 6). This lack of effect occurred with a 3 mg-kg BM™* CAF dose,
which was expected to be ergogenic given this cohort’s negligible habitual CAF intakes (<50 mg-day
1. Chapters 3 and 6) (Spriet, 2014). However, basing doses on habitual intakes overlooked this
cohort’s prior CAF experiences at competitions, where a variety of dosing strategies were reported
(~1-6 mg-kg BM?). It is therefore speculated that these past experiences negated the possible
performance effects, either because: (a) swimmers relied on side-effects for competition benefits,
which were not experienced with a 3 mg-kg BM* dose (McClung & Collins, 2013); or (b) occasional
CAF use at competitions increased tolerance to the central effects, potentially requiring larger doses to
stimulate both central and peripheral mechanisms (Pickering & Kiely, 2019b). Additionally, CAF was
administered to swimmers in a single capsule, which may have ‘looked’ less ergogenic compared to
the swimmers’ usual CAF source (e.g., vs. six tablets), and lead swimmers to believe that a
performance effect would not occur (Shabir et al., 2018). This may be overcome in future practice
with larger standardised CAF doses (4-6 mg-kg BM™?) as per previous research (Collomp et al., 1992;
Pruscino et al., 2008), or potentially the use of personalised CAF strategies (i.e., dose, timing, source);
though, further research is needed to ensure these alternate strategies are well tolerated and safe in

adolescent swimming cohorts.

On the contrary, CAF might have been ineffective in this thesis due to the short duration of the
exercise task (<60 s). Indeed, while CAF is suggested to have ergogenic potential in sprinting tasks,
the evidence is equivocal (Guest et al., 2021). The reason Chapter 6 utilised a 100 m swimming time-
trial was based on CAF enhancing the performance of adolescent swimmers across this distance in
previous research (Collomp et al., 1992); however, the prior study investigated the effects on
swimmers of a lower training status (‘trained’/regional-level vs. ‘highly trained’/national level;
McKay et al., 2021), and with a larger CAF dose (4 vs. 3 mg-kg BM™). Hence, it is possible that 3

mg-kg BM™ CAF might be more reliable in both lesser trained adolescent swimmers and/or longer
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duration swimming races that cause greater metabolic perturbations, such as middle- and long-
distance time-trials (200-1500 m; Grgic, 2022). At present, only Azizimasouleh et al. (2014) have
investigated a 3 mg-kg BM™* CAF dose on a 400 m distance in adolescent swimmers, although no
effects were found due to this study utilising a suboptimal dosing timeframe (30 min pre-exercise).
Therefore, while this thesis failed to find an ergogenic benefit of CAF to 100 m swimming distances,

further research is needed with alternate doses and longer swimming distances.

The key outcome from Chapter 7a was that ingesting 0.3 g-kg BM* NaHCO; produced large
increases in the blood buffering capacity of highly trained adolescent swimmers, similar to those
observed in adults (Boegman et al., 2020; Gough et al., 2017). This included increases in blood HCO3’
concentrations that exceeded the ‘ergogenic threshold” (>5 mmol-L*; Heibel et al., 2018), while also
enhancing the apparent SID via the extracellular movements of K*, Ca?*, and CI- (Siegler et al., 2016).
Moreover, adolescent swimmers each had their own individual NaHCOs absorption characteristics,
suggesting that individualised strategies based on time to peak blood HCOs; might be the most
efficacious approach to supplementation. However, when individualised NaHCO; was used in
practice (Chapter 7b), this strategy produced no further increases in blood buffering capacity
compared to a standardised approach, nor did any of the NaHCO; strategies provide ergogenic
benefits versus a PLA condition. It was unclear why no ergogenic effects were observed, though it is
speculated that the highly trained cohort could perform the swimming tests (6 X 75 m, 200 m freestyle
time-trial) at supramaximal intensities; thus, inducing a high rate of pH change that overwhelmed
blood buffering capabilities regardless of NaHCOs ingestion (de Araujo et al., 2015; Higgins et al.,
2014; McNaughton, 1992b). Therefore, further research is required in longer swimming durations
,such as middle- and long-distance time-trials (400-800 m); especially given these distances have a
similar duration (~4-9 min) to 4 km cycling (Gough et al., 2018; 2019; 2021) and 2000 m rowing

(Boegman et al., 2020), where individualised NaHCO3 has showed ergogenic potential.
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Why an individualised NaHCOs strategy did not produce any further increases in blood HCOs', pH, or
the apparent SID compared to a standardised approach was unclear, but these results were comparable
to similar research (Boegman et al., 2020). In contrast to the present thesis, however, Boegman et al.
(2020) did identify an ergogenic effect with their individualised approach. A possible reason for these
differing performance outcomes were the standardised ingestion timings, such that Boegman et al.
(2020) utilised a timeframe that was potentially too short when using NaHCO3 capsules (60 min pre-
exercise), whereas the current thesis based standardised ingestion on group mean blood HCOs
responses (i.e., 150 min pre-exercise) (Carr et al., 2011b; Jones et al., 2016; Chapter 7a, section
7a.3.1). Alternatively, peak strong ion declines were also observed in the bloodstream approximately
120-150 min post-NaHCOQj; ingestion (see Chapter 7a, section 7a.3.1 and Chapter 7b, section 7b.3.1).
Therefore, the individualised NaHCO3 strategy used by Boegman et al. (2020) may have inadvertently
showed the ergogenic potential of the SID, given that no differences in blood HCO3 were observed.
Although, this cannot be confirmed as Boegman et al. (2020) did not measure strong ions, nor did
they compare performance versus a PLA condition; leaving it unclear whether their individualised
NaHCO; strategy was ergogenic at all. Combined, this thesis questions the practice of individualising
NaHCOs ingestion based on time to peak blood HCOs. This gives premise to future research
investigating the effectiveness of NaHCO3; based on a time to peak SID approach as recommended in
Chapter 7a, since strong ion movements could yet prove to be the primary acting NaHCOs3;

mechanism.

This thesis also identified key limitations regarding the use of individualised NaHCQ; strategies in
practice. In Chapters 7a and 7b, adolescent swimmers underwent the currently accepted method for
pre-determining time to peak blood HCOs', which involved ingesting NaHCOj3 in a post-prandial state
and remaining quietly seated until a peak was observed (de Oliveira et al., 2020; Gough et al., 2017;
Jones et al., 2016). However, this method does not account for the various other activities that
swimmers engage in as part of their pre-exercise preparation. Firstly, when swimmers followed their

typical pre-exercise nutrition schedules (i.e., high CHO meal 1-3 hours pre-exercise), this resulted in
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swimmers consuming their meals either after NaHCOs ingestion, or at the same time as NaHCO3
ingestion; both of which could have delayed NaHCO; absorption and dampened the increases in
blood HCOs™ concentration (Abuhelwa et al., 2017). Secondly, swimmers engaged in both pool and
land-based warm-ups in the 45 min prior to exercise, which because of their intermittent intensity,
utilised some of the circulating HCO3™ and potentially mitigated the subsequent performance (Gurton
et al., 2021). Finally, neither the pre-determination process or simulated competitions in training
account for the pre-race anxiety that would be experienced at major competitions, which might also
affect the NaHCOs absorption characteristics via increases in heart rate/blood flow (Fortes et al.,
2017) or gut dynamics (Wilson et al., 2021). Therefore, at present, the expensive and time-consuming
task of pre-determining a time to peak blood alkalosis (HCO3™ or SID) may not be worthwhile outside
of the laboratory setting. This warrants further work to be completed with athletes at real-world
competitions, who are in full nutritional and physical preparation; though this does carry logistical and

ethical challenges.

Citrulline malate was the final acute nutritional ergogenic aid investigated in this thesis, which has
mechanisms seemingly aligned to whole-body, aerobic exercise (Gough et al., 2021). However, when
highly trained adolescent swimmers ingested 15 g CM prior to a typical aerobic swimming test (6 X
300 m), a variety of performance outcomes were observed (five faster, five slower, one unchanged). It
was therefore unclear whether these variable outcomes were individual responses to CM, or whether
they were caused by variability in the swimming test. Indeed, while prior results in this cohort showed
the 6 x 300 m test to be valid and reliable, this was only monitored in long-distance swimmers (400—
1500 m), and not in middle-distance swimmers (200400 m) who may have found the test more
physically and mentally challenging (Piras et al., 2019). The physiological effects of CM were also
unclear, since no differences in blood pressure, blood La’, or RPE were observed compared to PLA,;
although, these measures often remain unchanged even when ergogenic effects are reported (Rhim et
al., 2020; Wax et al., 2015, 2016). Future work is therefore needed with CM that measures more

precise physiological measures of ammonia, NO production, ATP synthesis, and blood flow; all of
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which could help elucidate the underpinning ergogenic mechanisms (Gough et al., 2021). Moreover,
owing to CM showing promise in resistance exercise (Varvik et al., 2020), further research in shorter
(<60 s), more anaerobic swimming protocols may be of greater ergogenic potential. Though as this
work is yet to be completed, CM cannot be recommended as an ergogenic aid for highly trained

adolescent swimmers at present.

9.1.5 General Observations with Ergogenic Aid Use

To maximise external validity to real-world training and competition practices, each experimental
chapter encouraged highly trained adolescent swimmers to follow their usual pre-exercise nutrition, as
opposed to standardised or fasted nutrition strategies in most research. As presented in earlier in this
discussion (section 9.2.1), adolescent swimmers mostly consumed pre-exercise nutritional intakes in
accordance with the recommended guidelines (i.e, 1-4 g-kg BM* CHO, >0.3 g-kg BM? protein;
Shaw et al., 2014; Stellingwerff et al., 2011). However, there were large inter-individual variances
within these intakes, including the timing of meals (i.e., 1-4 hours pre-exercise) and the dietary
composition (CHO range: 0.5-3 g-kg BM; protein range: 0.2-1 g-kg BM%; fat range: 0.1-0.8 g-kg
BM1). Moreover, some swimmers also reported the long-term (>6 months) ingestion of beta-alanine
and creatine, although these were not expected to have interfered with the acute erogenicity of the
investigated supplements (de Salles Painelli et al., 2013; Elosegui et al., 2022). Nonetheless, it is
speculated that the lack of combined nutrition and supplement controls throughout this thesis may
have negated the ergogenic responses in experimental chapters, either by: (a) already bringing
swimmers closer to their peak performance, thus leaving only a small window for the supplement to
have an ergogenic effect; and/or (b) interfering with the supplement absorption characteristics
(Abuhelwa et al., 2017; Chapter 7a), making the use of ‘optimal”’ doses and timings obsolete at the
individual level. Future research is therefore needed with athletes using ergogenic aids while in full
competition nutrition preparation (i.e., meal composition, meal timing, co-ingested supplements) to

identify the ‘true’ performance impact of these supplements in the real world. This might also require
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the comparison of ‘optimal’, personalised, and control supplements in future research, in order to

elucidate the most effective ingestion strategies for individual athletes.

A second general observation was that CAF, NaHCOs;, and CM were mostly well tolerated by
adolescent swimmers. With CAF, this included no group level differences in any subjective
physiological (i.e., tachycardia, jitters, headache, stomach upset), psychological (i.e., anxiety, mood,
alertness, tiredness, readiness to exercise), or sleep effects (e.g., sleep latency, sleep quality)
compared to PLA (see Chapter 6, sections 6.3.2-6.3.4). However, one swimmer did report severe
(=29/10 rating) stomach upset after exercise and overnight following CAF ingestion, whereas another
had a prolonged sleep latency (+3 hours) that made them miss the following days performance;
suggesting these effects should be considered on an individual basis. Similarly, NaHCOs3 only induced
minor (<5/10 rating) gastrointestinal side-effects for most swimmers (see Chapter 7a, section 7a.3.3
and Chapter 7b, section 7b.3.4), despite ingesting a 0.3 g-kg BM™ dose that is often associated with
debilitating symptoms (Cameron et al., 2010; Kahle et al., 2013). Similarly, some swimmers did
report severe cases of bloating, nausea, and vomiting following NaHCO; on an individual basis,
though these did not appear to be consistent, nor did the symptoms appear to have any ergolytic
effects (compared to PLA). Finally, while side-effects were not directly measured with CM ingestion,
none of the swimmers reported any anecdotal symptoms when asked by the researcher. Together, this
evidence suggests that ergogenic aids are well tolerated by most adolescent swimmers in practice and
are unlikely harm performance during training and competitions. Nonetheless, the presence of
individual responses does require further attention, supporting the use of personalised ingestion

strategies where possible to maximise performance, while minimising the adverse effects.

9.2 General Limitations of the Thesis

A limitation of this thesis was that it was mostly conducted within one high-performance swimming

club who part-funded the research, therefore the desire was to: (a) seek performance solutions within
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the swimming club; and (b) limit the sharing of knowledge/interventions with direct competitors.
Firstly, this led to the previously discussed limitation (see section 9.1.1), as to whether the
observations made in dietary intakes (Chapter 3) and supplement practices (Chapter 4) could be
generalised to the wider swimming population. Second, only utilising one swimming club limited the
potential study sample sizes. This was further by logistical constraints, such as: (a) trials having to be
structured into the swimmers’ periodised training schedules; (b) trials unable to be rearranged due to
limited pool access; (c) participants having low availability because of school commitments or lack of
transport; and/or (d) high attrition rates that seemingly occurred after COVID-19 (i.e., Chapters 3, 7b,
and 8). These factors undoubtedly reduced statistical power in some experimental chapters (Cohen,
1988), though was potentially overcome by the rarity of the cohort, their repeatable performances, and
by paying greater attention to the individual outcomes rather than group mean results (Sands et al.,
2005). Moreover, the sample sizes used in this thesis were in line with previous investigations of
highly trained swimmers (e.g., n = 6-11; Goods et al., 2017; Kumstét et al., 2018; Pruscino et al.,
2008; Zajac et al., 2009). The sample sizes within this thesis were therefore justified (Lakens, 2022),

though attempts to include larger sample sizes are required in future research.

Conducting research within a highly trained cohorts also has its limitations since training outcomes
and competition performances take precedent over the research results. All exercise trials therefore
had to be agreed with the head coach prior to their implementation, and as such, a trade-off between
what the coach was willing to incorporate into the training schedule, and what was an appropriate
protocol to answer the research question(s) had to be considered. This was notable in Chapter 7b,
whereby a repeated time-trial approach (i.e., Pierce et al., 1992; Pruscino et al., 2008) would have
been most valid for assessing NaHCOs effects in real-world competitions. However, dedicating four
mid-cycle training weeks (i.e., familiarisation, IND, STND, PLA) to two time-trials was not deemed
acceptable, hence the inclusion of a speed/threshold test (6 x 75 m). Another consideration was
relating the exercise trials to the swimmers’ key events, which meant allowing swimmers to utilise

their preferred strokes in Chapter 6 (simulated competition in the specific preparation phase) and
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Chapter 7b (speed/threshold test in the specific preparation phase), whereas Chapter 8 enforced the
freestyle stroke (aerobic test in the general preparation phase). Chapter 7b also enforced the freestyle
stroke for the 200 m time-trial, which was because of the large time differences that occur between
strokes across this distance (i.e., freestyle vs. breaststroke = ~40-50 s), and due to all recruited
swimmers being competent in this event. It is recognised that changes of stroke, exercise distance, and
in-season timings between chapters may have all influenced performance outcomes; though all
methodology was conceptualised from prior research and aimed towards the specific ergogenic

mechanisms of each supplement, therefore the outcomes reflected applied practice.

Additionally, this thesis avoided the use of highly invasive physiological measures. Indeed, the use of
less invasive physiological measures (i.e., capillary bloods, sphygmomanometer, subjective ratings)
were thought to be safer than venepuncture or cannula methods in the pool environment, making them
a more ethical choice for adolescent cohorts (Fryer et al., 2014). Moreover, these methods were also
selected to reduce participant stress (Fryer et al., 2014), thus increasing their willingness to take part
in experimental trials. However, such measures limited the collection of plasma levels of CAF, L-
citrulline, NO, and ammonia; whereas changes in body position (seated assessment vs. prone
swimming) made it difficult to accurately monitor blood pressure and vasodilation; all of which were
required for mechanistic explanations following CAF (Guest et al., 2021) and CM ingestion (Gough
et al., 2021). In addition, Chapters 7a and 7b assessed blood changes in strong ion status, and although
declines in blood K*, CI, and Ca?" appeared to indicate movements between the extracellular and
intracellular fluids (Llckher et al., 2017), this could not be confirmed without directly monitoring
intramuscular concentrations. Nonetheless, all supplement doses, timings, and sources were based on
current best practices (Gough et al., 2021; Maughan et al., 2018), therefore all of the respective

supplement’s mechanisms could be assumed.

A final limitation was that neither menstrual cycle phase and/or contraceptive use was monitored

within this thesis. This was based on current research suggesting that menstrual cycle phase does not
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have significant influence over exercise performances (Collenso-Semple et al., 2023; McNulty et al.,
2020), nutritional behaviours (Langan-Evans et al., 2023), or supplement responses (CAF: Lara et al.,
2020a; 2020b; NaHCOs: Saunders et al., 2022) in highly trained females. Moreover, given the time
restraints, it would not have been possible to arrange exercise trials to coincide menstrual cycle phases
between swimmers, which is reflective of real-world practice. Nonetheless, it is recognised that
current assumptions of the menstrual cycle are based on limited research (McNulty et al., 2020), and
is not specific to either the adolescent athlete population, or swimmers. Indeed, there appeared to be
some evidence that females experienced a more variable response to CM supplementation compared
to males in Chapter 8. Additionally, it is possible that hydration (which can be affected by Na*
ingestion; Giersch et al., 2019) and gastrointestinal symptoms (Moore et al., 1998) can be influenced
by the menstrual cycle phase, potentially impairing the ergogenic response to NaHCOs
supplementation in Chapter 7b. Thus, in order to build the evidence base, future studies should aim to
document information such as menstrual cycle phase (tracking or ovulation kits) and contraceptive
use (Smith et al., 2022; Elliot-Sale et al., 2021). Though this would not have affected the outcomes of
this thesis, this information could have contributed towards future meta-analyses to give a greater

insight into the menstrual cycle/conceptive effects on adolescent female athletes.

9.3 Conclusions and Practical Recommendations

The results of this thesis support that highly trained adolescent swimmers in the UK could consume
an appropriate nutrition intake to support their health, recovery, growth, and performance; and can
alter these intakes dependant on training loads. This was, however, only identified in a sample of
swimmers who were actively engaging with sport nutrition support, therefore whether the outcomes
can be generalised to the wider UK swimming population was less clear. Nonetheless, considering
this population’s training status and aspirations to be competitive at the international level, it is
prudent to suggest that all swimmers and/or their high-performance swimming clubs should be

accessing sport nutrition support if optimal performance is the goal. Since the cohort in this thesis
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showed they could support their daily training needs through nutrition, the use of supplements to

further enhance health and performance appears to be justified.

Supplement use is highly prevalent in adolescent swimmers, beginning with the use of sports foods
and drinks at the development level, before transitioning into widespread use of ergogenic aids and
health supplements at the national level. ‘Performance’ was the key reason for nutritional supplement
use from an early age, which was advocated by parents/guardians who purchased and provided
supplements to their children. Together, this combined information suggests that sport nutrition
support and education should be accessible to all levels of competitive swimming, which might best
delivered through a step-like process as swimmers progress in training age; starting with basic
nutrition education, practical skills, and anti-doping messages for swimmers and their
parent/guardians; before developing into more specific nutrient timing practices, and introducing
ergogenic aids under the guidance of a performance nutritionist. However, even though nutritional
ergogenic aids were highly popular within highly trained adolescent swimmers, this thesis did not
provide conclusive evidence that their intake is worthwhile. This questions their suitability in the real-
world, although further research using a variety supplemental doses, timings, and sources is still

required to elucidate optimal strategies for training and competition.

237



Chapter 10 — References

238



Abood, D.A., Black, D.R. and Birnbaum, R.D. (2004). Nutrition education intervention for college
female athletes. Journal of Nutrition Education and Behavior, 36(3), pp.135-139. Available

at: https://doi.org/10.1016/s1499-4046(06)60150-4.

Abuhelwa, A.Y., Williams, D.B., Upton, R.N. and Foster, D.J. (2017). Food, gastrointestinal pH, and
models of oral drug absorption. European Journal of Pharmaceutics and Biopharmaceutics,

112, pp.234-248. Available at: https://doi.org/10.1016/].ejpb.2016.11.034.

Aerenhouts, D., Van Cauwenberg, J., Poortmans, J.R., Hauspie, R. and Clarys, P. (2013). Influence of
growth rate on nitrogen balance in adolescent sprint athletes. International Journal of Sport
Nutrition and Exercise Metabolism, 23(4), pp.409-417. Available at:

https://doi.org/10.1123/ijshnem.23.4.409.

Affourtit, C., Bailey, S.J., Jones, A.M., Smallwood, M.J. and Winyard, P.G. (2015). On the
mechanism by which dietary nitrate improves human skeletal muscle function. Frontiers in

Physiology, 6, pp.211. Available at: https://doi.org/10.3389/fphys.2015.00211.

Agans, R., Rigsbee, L., Kenche, H., Michail, S., Khamis, H.J. and Paliy, O. (2011). Distal gut
microbiota of adolescent children is different from that of adults. FEMS Microbiology

Ecology, 77(2), pp.404-412. Available at: https://doi.org/10.1111/].1574-6941.2011.01120.x.

Aguiar, A.F. and Casonatto, J. (2022). Effects of citrulline malate supplementation on muscle strength
in resistance-trained adults: a systematic review and meta-analysis of randomized controlled
trials. Journal of Dietary Supplements, 19(6), pp.772-790. Available at:

https://doi.org10.1080/19390211.2021.1939473.

Ainsworth, B.E., Haskell, W.L., Herrmann, S.D., Meckes, N., Bassett Jr, D.R., Tudor-Locke, C., et al.
(2011). 2011 compendium of physical activities: a second update of codes and MET values.
Medicine and Science in Sports and Exercise, 43(8), pp.1575-1581. Available at:

https://doi.org/10.1249/MSS.0b013e31821ecel?2.

Akoglu, H. (2018). User's guide to correlation coefficients. Turkish Journal of Emergency Medicine,

18(3), pp.91-93. Available at: https://doi.org/10.1016/].tjem.2018.08.001.

239


https://doi.org/10.1016/s1499-4046(06)60150-4
https://doi.org/10.1016/j.ejpb.2016.11.034
https://doi.org/10.1123/ijsnem.23.4.409
https://doi.org/10.3389/fphys.2015.00211
https://doi.org/10.1111/j.1574-6941.2011.01120.x
https://doi.org10.1080/19390211.2021.1939473
https://doi.org/10.1249/MSS.0b013e31821ece12
https://doi.org/10.1016/j.tjem.2018.08.001

Allen, D.G., Westerblad, H., Lee, J.A. and Léannergren, J. (1992). Role of excitation-contraction
coupling in muscle fatigue. Sports Medicine, 13(2), pp.116-126. Available at:

https://doi.org/10.2165/00007256-199213020-00007.

Alméras, N., Lemieux, S., Bouchard, C. and Tremblay, A. (1997). Fat gain in female
swimmers. Physiology and Behavior, 61(6), pp.811-817. Available at:

https://doi.org/10.1016/s0031-9384(96)00559-8.

American Dietetic Association (1987). Position of The American Dietetic Association: nutrition for
physical fitness and athletic performance for adults. Journal of the American Dietetic

Association, 87(7), pp.933-939. Available at: https://doi.org/10.1016/S0002-8223(21)03220-

X.

Arachchi, V.G., Wasalathanthiri, S. and Makuloluwa, T. (2015). Macronutrient adequacy of elite Sri
Lankan swimmers. International Journal of Multidisciplinary Studies, 2(1), pp.37-41.

Available at: https://doi.org/10.31357/ijsm.v2i1.2790.

Astorino, T.A., Terzi, M.N., Roberson, D.W. and Burnett, T.R. (2010). Effect of two doses of caffeine
on muscular function during isokinetic exercise. Medicine and Science in Sports and
Exercise, 42(12), pp.2205-2210. Available at:

https://doi.org/10.1249/MSS.0b013e3181e3alld.

Atkinson, G. and Nevill, A.M. (1998). Statistical methods for assessing measurement error
(reliability) in variables relevant to sports medicine. Sports Medicine, 26(4), pp.217-238.

Available at: https://doi.org/10.2165/00007256-199826040-00002.

Attipoe, S., Cohen, P.A., Eichner, A. and Deuster, P.A. (2016). Variability of stimulant levels in nine
sports supplements over a 9-month period. International Journal of Sport Nutrition and

Exercise Metabolism, 26(5), pp.413-420. Available at: https://doi.org/10.1123/ijsnem.2015-

0177.

240


https://doi.org/10.2165/00007256-199213020-00007
https://doi.org/10.1016/s0031-9384(96)00559-8
https://doi.org/10.1016/S0002-8223(21)03220-X
https://doi.org/10.1016/S0002-8223(21)03220-X
https://doi.org/10.31357/ijsm.v2i1.2790
https://doi.org/10.1249/MSS.0b013e3181e3a11d
https://doi.org/10.2165/00007256-199826040-00002
https://doi.org/10.1123/ijsnem.2015-0177
https://doi.org/10.1123/ijsnem.2015-0177

Azizimasouleh, M., Sharifi, K., Razmjoo, S. and Ahmadi, P. (2014). Effects of caffeine, L-carnitine
and their combination on 400-m freestyle performance in female swimmers. International

Journal of Biosciences, 5(9), pp.1-8. Available at: https://doi.org/10.12692/ijb/5.9.1-8.

Babateen, A.M., Fornelli, G., Donini, L.M., Mathers, J.C. and Siervo, M. (2018). Assessment of
dietary nitrate intake in humans: a systematic review. American Journal of Clinical Nutrition,

108(4), pp.878-888. Available at: https://doi.org/10.1093/ajcn/nqy108.

Bahreini, M., Jalili, M. and Moradi-Lakeh, M. (2015). A comparison of three self-report pain scales in
adults with acute pain. The Journal of Emergency Medicine, 48(1), pp.10-18. Available at:

https://doi.org/10.1016/j.jemermed.2014.07.039.

Bai, J.P.F., Burckart, G.J. and Mulberg, A.E. (2016). Literature review of gastrointestinal physiology
in the elderly, in pediatric patients, and in patients with gastrointestinal diseases. Journal of
Pharmaceutical Sciences, 105(2), pp.476-483. Available at:

https://doi.org/10.1002/jps.24696.

Bailey, S.J., Blackwell, J.R., Lord, T., Vanhatalo, A., Winyard, P.G. and Jones, A.M. (2015). L-
citrulline supplementation improves O; uptake Kinetics and high-intensity exercise
performance in humans. Journal of Applied Physiology, 119(4), pp.385-395. Available at:

https://doi.org/10.1152/japplphysiol.00192.2014.

Bailey, S.J., Winyard, P., Vanhatalo, A., Blackwell, J.R., Dimenna, F.J., Wilkerson, D.P., et al.
(2009). Dietary nitrate supplementation reduces the O, cost of low-intensity exercise and
enhances tolerance to high-intensity exercise in humans. Journal of Applied Physiology,

107(4), pp.1144-1155. Available at: https://doi.org/10.1152/japplphysiol.00722.2009.

Baker, F.C. and Lee, K.A. (2018). Menstrual cycle effects on sleep. Sleep Medicine Clinics, 13(3),

pp.283-294. Available at: http://doi.org/10.1016/j.jsmc.2018.04.002.

Barkhidarian, B., Khorshidi, M., Shab-Bidar, S. and Hashemi, B. (2019). Effects of L-citrulline
supplementation on blood pressure: a systematic review and meta-analysis. Avicenna Journal

of Phytomedicine, 9(1), pp.10-20.

241


https://doi.org/10.12692/ijb/5.9.1-8
https://doi.org/10.1093/ajcn/nqy108
https://doi.org/10.1016/j.jemermed.2014.07.039
https://doi.org/10.1002/jps.24696
https://doi.org/10.1152/japplphysiol.00192.2014
https://doi.org/10.1152/japplphysiol.00722.2009
http://doi.org/10.1016/j.jsmc.2018.04.002

Barnett, A. (2006). Using recovery modalities between training sessions in elite athletes: does it help?

Sports Medicine, 36(9), pp.781-796. Awvailable at: https://doi.org/10.2165/00007256-

200636090-00005.

Barr, S.I. and Costill, D.L. (1992). Effect of increased training volume on nutrient intake of male
collegiate swimmers. International Journal of Sports Medicine, 13(1), pp.47-51. Available at:

https://doi.org/10.1055/s-2007-1021233.

Baxter-Jones, A.D., Eisenmann, J.C., Mirwald, R.L., Faulkner, R.A. and Bailey, D.A. (2008). The
influence of physical activity on lean mass accrual during adolescence: a longitudinal
analysis. Journal of Applied Physiology, 105(2), pp.734—741. Available at:

https://doi.org/10.1152/japplphysiol.00869.2007.

Baxter-Jones, A.D. and Helms, P.J. (1996). Effects of training at a young age: a review of the training
of young athletes (TOYA) study. Pediatric Exercise Science, 8(4), pp.310-327. Available at:

https://doi.org/10.1123/pes.8.4.310.

Baylis, A., Cameron-Smith, D. and Burke, L.M. (2001). Inadvertent doping through supplement use
by athletes: assessment and management of the risk in Australia. International Journal of
Sport  Nutrition and Exercise Metabolism, 11(3), pp.365-383. Available at:

https://doi.org/10.1123/ijsnem.11.3.365.

Beck, K.L., von Hurst, P.R., O'Brien, W.J. and Badenhorst, C.E. (2021). Micronutrients and athletic
performance: a review. Food and Chemical Toxicology, 158, pp.112618. Available at:

https://doi.org/10.1016/j.fct.2021.112618.

Bedale, W., Sindelar, J.J. and Milkowski, A.L. (2016). Dietary nitrate and nitrite: benefits, risks, and
evolving perceptions. Meat Science, 120, pp.85-92. Available at:

https://doi.org/10.1016/j.meatsci.2016.03.009.

Bell, D.G. and McLellan, T.M. (2002). Exercise endurance 1, 3, and 6 h after caffeine ingestion in
caffeine users and nonusers. Journal of Applied Physiology, 93(4), pp.1227-1234. Available

at: https://doi.org/10.1152/japplphysiol.00187.2002.

242


https://doi.org/10.2165/00007256-200636090-00005
https://doi.org/10.2165/00007256-200636090-00005
https://doi.org/10.1055/s-2007-1021233
https://doi.org/10.1152/japplphysiol.00869.2007
https://doi.org/10.1123/pes.8.4.310
https://doi.org/10.1123/ijsnem.11.3.365
https://doi.org/10.1016/j.fct.2021.112618
https://doi.org/10.1016/j.meatsci.2016.03.009
https://doi.org/10.1152/japplphysiol.00187.2002

Bendahan, D., Mattei, J.P., Ghattas, B., Confort-Gouny, S., Le Guern, M.E. and Cozzone, P.J. (2002).
Citrulline/malate promotes aerobic energy production in human exercising muscle. British
Journal of Sports Medicine, 36(4), pp.282-289. Available at:

https://doi.org/10.1136/bjsm.36.4.282.

Bergstrom, J., Hermansen, L., Hultman, E. and Saltin, B. (1967). Diet, muscle glycogen and physical
performance. Acta Physioligica Scandinavica, 71(2), pp.140-150. Available at:

https://doi.org/10.1111/j.1748-1716.1967.th03720.x.

Bernards, J.R., Sato, K., Haff, G.G. and Bazyler, C.D. (2017). Current research and statistical
practices in sport science and a need for change. Sports, 5(4), pp.87. Available at:

https://doi.org/10.3390/sports5040087.

Berning, J.R., Troup, J.P., VanHandel, P.J., Daniels, J. and Daniels, N. (1991). The nutritional habits
of young adolescent swimmers. International Journal of Sport Nutrition and Exercise

Metabolism, 1(3), pp.240-248. Available at: https://doi.org/10.1123/ijsn.1.3.240.

Bescés, R., Sureda, A., Tur, J.A. and Pons, A. (2012). The effect of nitric-oxide-related supplements
on human performance. Sports Medicine, 42(2), pp.99-117. Available at:

https://doi.org/10.2165/11596860-000000000-00000.

Binks, M.J., Bleakley, A.S., Rathnayake, G., Pizzutto, S., Chang, A.B., McWhinney, B., et al. (2021).
Can dried blood spots be used to accurately measure vitamin D metabolites? Clinica Chimica

Acta, 518, pp.70-77. Available at: https://doi.org/10.1016/j.cca.2021.03.003.

Bishop, D., Edge, J., Davis, C. and Goodman, C. (2004). Induced metabolic alkalosis affects muscle
metabolism and repeated-sprint ability. Medicine and Science in Sports and Exercise, 36(5),

pp.807-813. Available at: https://doi.org/10.1249/01.mss.0000126392.20025.17.

Boegman, S., Stellingwerff, T., Shaw, G., Clarke, N., Graham, K., Cross, R., et al. (2020). The impact
of individualizing sodium bicarbonate supplementation strategies on world-class rowing
performance. Frontiers in Nutrition, 7, pp.138. Available at:

https://doi.org/10.3389/fnut.2020.00138.

243


https://doi.org/10.1136/bjsm.36.4.282
https://doi.org/10.1111/j.1748-1716.1967.tb03720.x
https://doi.org/10.3390/sports5040087
https://doi.org/10.1123/ijsn.1.3.240
https://doi.org/10.2165/11596860-000000000-00000
https://doi.org/10.1016/j.cca.2021.03.003
https://doi.org/10.1249/01.mss.0000126392.20025.17
https://doi.org/10.3389/fnut.2020.00138

Boisseau, N. and Delamarche, P. (2000). Metabolic and hormonal responses to exercise in children
and adolescents. Sports Medicine, 30(6), pp.405-422. Available at:

https://doi.org/10.2165/00007256-200030060-00003.

Bonaventura, J.M., Sharpe, K., Knight, E., Fuller, K.L., Tanner, R.K. and Gore, C.J. (2015).
Reliability and accuracy of six hand-held blood lactate analysers. Journal of Sports Science

and Medicine, 14(1), pp.203-214.

Bonjour, J.P., Ammann, P., Chevalley, T. and Rizzoli, R. (2001). Protein intake and bone growth.
Canadian Journal of Applied Physiology, 26(1), pp.S153-S166. Available at:

https://doi.org/10.1139/h2001-050.

Borg, G. (1998). Borg's Perceived Exertion and Pain Scales. Champaign, IL: Human Kinetics.

Braun, H., Koehler, K., Geyer, H., Kleiner, J., Mester, J. and Schanzer, W. (2009). Dietary
supplement use among elite young German athletes. International Journal of Sport Nutrition
and Exercise Metabolism, 19(1), pp.97-109. Available at:

https://doi.org/10.1123/ijsnem.19.1.97.

Bredt, D.S. (1999). Endogenous nitric oxide synthesis: biological functions and pathophysiology.
Free Radical Research, 31(6), pp.577-596. Available at:

https://doi.org/10.1080/10715769900301161.

Breuillard, C., Cynober, L. and Moinard, C. (2015). Citrulline and nitrogen homeostasis: an overview.

Amino Acids, 47(4), pp.685-691. Available at: https://doi.org/10.1007/s00726-015-1932-2.

British Nutrition Foundation (2021). Nutrient requirements. Available at:

https://www.nutrition.org/media/1z2ekndj/nutrition-requirements-update.pdf [Accessed 23

January 2023].

Brown Jr, W.J., Brown, F.K. and Krishan, I. (1971). Exchangeable sodium and blood volume in
normotensive and hypertensive humans on high and low sodium intake. Circulation, 43(4),

pp.508-519. Available at: https://doi.org/10.1161/01.cir.43.4.508.

244


https://doi.org/10.2165/00007256-200030060-00003
https://doi.org/10.1139/h2001-050
https://doi.org/10.1123/ijsnem.19.1.97
https://doi.org/10.1080/10715769900301161
https://doi.org/10.1007/s00726-015-1932-2
https://www.nutrition.org/media/1z2ekndj/nutrition-requirements-update.pdf
https://doi.org/10.1161/01.cir.43.4.508

Brown, K.A., Patel, D.R. and Darmawan, D. (2017). Participation in sports in relation to adolescent
growth and development. Translational Pediatrics, 6(3), pp.150-159. Available at:

https://doi.org/10.21037/tp.2017.04.03.

Brustad, N., Yousef, S., Stokholm, J., Bannelykke, K., Bisgaard, H. and Chawes, B.L. (2022). Safety
of high-dose vitamin D supplementation among children aged O to 6 years: a systematic
review and meta-analysis. JAMA Network Open, 5(4), pp.e227410. Available at:

https://doi.org/10.1001/jamanetworkopen.2022.7410.

Burke, L.M. (2008). Caffeine and sports performance. Applied Physiology, Nutrition, and

Metabolism, 33(6), pp.1319-1334. Available at: https://doi.org/10.1139/H08-130.

Burke, L.M. (2015). Dietary assessment methods for the athlete: pros and cons of different

methods. Sports Science Exchange, 28(150), pp.1-6.

Burke, L.M. (2021). Ketogenic low-CHO, high-fat diet: the future of elite endurance sport? The

Journal of Physiology, 599(3), pp.819-843. Available at: https://doi.org/10.1113/JP278928.

Burke, L.M. (2019). Supplements for optimal sports performance. Current Opinion in Physiology, 10,

pp.156-165. Available at: https://doi.org/10.1016/j.cophys.2019.05.0009.

Burke, L.M. and Mujika, I. (2014). Nutrition for recovery in aquatic sports. International Journal of
Sport  Nutrition and Exercise Metabolism, 24(4), pp.425-436. Available at:

https://doi.org/10.1123/ijsnem.2014-0022.

Burke, L.M., Whitfield, J., Heikura, I.A., Ross, M.L.R., Tee, N., Forbes, S.F., et al. (2021).
Adaptation to a low carbohydrate high fat diet is rapid but impairs endurance exercise
metabolism and performance despite enhanced glycogen availability. The Journal of

Physiology, 599(3), pp.771-790. https://doi.org/10.1113/JP280221.

Cairns, S.P. (2006). Lactic acid and exercise performance: culprit or friend? Sports Medicine, 36(4),

pp.279-291. Available at: https://doi.org/10.2165/00007256-200636040-00001.

245


https://doi.org/10.21037/tp.2017.04.03
https://doi.org/10.1001/jamanetworkopen.2022.7410
https://doi.org/10.1139/H08-130
https://doi.org/10.1113/JP278928
https://doi.org/10.1016/j.cophys.2019.05.009
https://doi.org/10.1123/ijsnem.2014-0022
https://doi.org/10.1113/JP280221
https://doi.org/10.2165/00007256-200636040-00001

Cairns, S.P. and Lindinger, M.I. (2008). Do multiple ionic interactions contribute to skeletal muscle
fatigue? The Journal of Physiology, 586(17), pp.4039-4054. Available at:

https://doi.org/10.1113/jphysiol.2008.155424.

Cameron, S.L., McLay-Cooke, R.T., Brown, R.C., Gray, A.R. and Fairbairn, K.A. (2010). Increased
blood pH but not performance with sodium bicarbonate supplementation in elite rugby union
players. International Journal of Sport Nutrition and Exercise Metabolism, 20(4), pp.307—

321. Available at; https://doi.org/10.1123/ijsnem.20.4.307.

Campos, E.Z., Sangali, E.B., Neto, J.G., Gobbi, R.B., Freitas Junior, I.F. and Papoti, M. (2012).
Effects of sodium bicarbonate ingestion during an intermittent exercise on blood lactate,
stroke parameters, and performance of swimmers. Journal of Exercise Physiology Online,

15(6), pp.84-92.

Carlberg, C., Seuter, S., de Mello, V.D., Schwab, U., Voutilainen, S., Pulkki, K., et al (2013). Primary
vitamin D target genes allow a categorization of possible benefits of vitamin Ds
supplementation. PLoS One, 8(7), pp.e71042. Available at:

https://doi.org/10.1371/journal.pone.0071042.

Carney, C.E., Buysse, D.J., Ancoli-Israel, S., Edinger, J.D., Krystal, A.D., Lichstein, K.L., et al.
(2012). The consensus sleep diary: standardizing prospective sleep self-monitoring. Sleep,

35(2), pp.287-302. Available at: https://doi.org/10.5665/sleep.1642.

Carr, AJ., Hopkins, W.G. and Gore, C.J. (2011a). Effects of acute alkalosis and acidosis on
performance: a meta-analysis. Sports Medicine, 41(10), pp.801-814. Available at:

https://doi.org/10.2165/11591440-000000000-00000.

Carr, A.J., Slater, G.J., Gore, C.J., Dawson, B. and Burke, L.M. (2011b). Effect of sodium bicarbonate
on [HCOs], pH, and gastrointestinal symptoms. International Journal of Sport Nutrition and
Exercise Metabolism, 21(3), pp.189-194. Available at:

https://doi.org/10.1123/ijsnem.21.3.189.

246


https://doi.org/10.1113/jphysiol.2008.155424
https://doi.org/10.1123/ijsnem.20.4.307
https://doi.org/10.1371/journal.pone.0071042
https://doi.org/10.5665/sleep.1642
https://doi.org/10.2165/11591440-000000000-00000
https://doi.org/10.1123/ijsnem.21.3.189

Castello, P.R., David, P.S., McClure, T., Crook, Z. and Poyton, R.O. (2006). Mitochondrial
cytochrome oxidase produces nitric oxide under hypoxic conditions: implications for oxygen
sensing and hypoxic signaling in eukaryotes. Cell Metabolism, 3(4), pp.277-287. Available

at: https://doi.org/10.1016/j.cmet.2006.02.011.

Cauley, J. A., Lui, L. Y., Ensrud, K. E., Zmuda, J. M., Stone, K. L., Hochberg, M. C., et al. (2005).
Bone mineral density and the risk of incident nonspinal fractures in black and white
women. JAMA, 293(17), pp.2102-2108. Available at:

https://doi.org/10.1001/jama.293.17.2102.

Chandler, A.J., Arent, M.A., Cintineo, H.P., Torres-McGehee, T.M., Winkelmann, Z.K. and Arent,
S.M. (2021). The impacts of COVID-19 on collegiate student-athlete training, health, and
well-being. Translational Journal of the American College of Sports Medicine, 6(4),

pp.e000173. Available at: https://doi.org/10.1249/TJX.0000000000000173.

Chow, C.C. and Hall, K.D. (2008). The dynamics of human body weight change. PLo0S
Computational Biology, 4(3), pp.e1000045. Available at:

https://doi.org/10.1371/journal.pchi.1000045.

Chung, W., Shaw, G., Anderson, M.E., Pyne, D.B., Saunders, P.U., Bishop, D.J., et al. (2012). Effect
of 10 week beta-alanine supplementation on competition and training performance in elite

swimmers. Nutrients, 4(10), pp.1441-1453. Available at: https://doi.org/10.3390/nu4101441.

Close, G.L., Kasper, A.M., Walsh, N.P. and Maughan, R.J. (2022). “Food first but not always food
only”: recommendations for using dietary supplements in sport. International Journal of
Sport  Nutrition and Exercise Metabolism, 32(5), pp.371-386. Available at:

https://doi.org/10.1123/ijsnem.2021-0335.

Cohen, J. (1988). Statistical power analysis for the behavioral sciences. Hillsdale, NJ: L. Erlbaum

Associates.

Colenso-Semple, L. M., D'Souza, A. C., Elliott-Sale, K. J. and Phillips, S. M. (2023). Current

evidence shows no influence of women's menstrual cycle phase on acute strength

247


https://doi.org/10.1016/j.cmet.2006.02.011
https://doi.org/10.1001/jama.293.17.2102
https://doi.org/10.1249/TJX.0000000000000173
https://doi.org/10.1371/journal.pcbi.1000045
https://doi.org/10.3390/nu4101441
https://doi.org/10.1123/ijsnem.2021-0335

performance or adaptations to resistance exercise training. Frontiers in Sports and Active

Living, 5, pp.1054542. Available at: https://doi.org/10.3389/fspor.2023.1054542.

Collins, A.C., Ward, K.D., Mirza, B., Slawson, D.L., McClanahan, B.S. and VVukadinovich, C. (2012).
Comparison of nutritional intake in US adolescent swimmers and non-athletes. Health, 4(10), pp.873—

880. Available at; https://doi.org/10.4236/health.2012.410133.

Collomp, K., Ahmaidi, S., Chatard, J.C., Audran, M. and Préfaut, C. (1992). Benefits of caffeine
ingestion on sprint performance in trained and untrained swimmers. European Journal of
Applied Physiology and Occupational Physiology, 64(4), pp.377-380. Available at:

https://doi.org/10.1007/BF00636227.

Corrigan, B. and Kazlauskas, R. (2003). Medication use in athletes selected for doping control at the
Sydney Olympics (2000). Clinical Journal of Sport Medicine, 13(1), pp.33-40. Available at:

https://doi.org/10.1097/00042752-200301000-00007.

Costello, N., Deighton, K., Dyson, J., McKenna, J. and Jones, B. (2017). Snap-N-Send: a valid and
reliable method for assessing the energy intake of elite adolescent athletes. European Journal
of Sport Science, 17(8), pp.1044-1055. Available at:

https://doi.org/10.1080/17461391.2017.1337815.

Costill, D.L., Flynn, M.G., Kirwan, J.P., Houmard, J.A., Mitchell, J.B., Thomas, R., et al. (1988a).
Effects of repeated days of intensified training on muscle glycogen and swimming
performance. Medicine and Science in Sports and Exercise, 20(3), pp.249-254. Available at:

https://doi.org/10.1249/00005768-198806000-00006.

Costill, D.L., Hinrichs, D., Fink, W.J. and Hoopes, D. (1988b). Muscle glycogen depletion during

swimming interval training. Journal of Swimming Research, 4(1), pp.15-18.

Crotty, N.M., Boland, M., Mahony, N., Donne, B. and Fleming, N. (2021). Reliability and validity of

the Lactate Pro 2 analyzer. Measurement in Physical Education and Exercise Science, 25(3),

pp.202-211. Available at: https://doi.org/10.1080/1091367X.2020.1865966.

248


https://doi.org/10.3389/fspor.2023.1054542
https://doi.org/10.4236/health.2012.410133
https://doi.org/10.1007/BF00636227
https://doi.org/10.1097/00042752-200301000-00007
https://doi.org/10.1080/17461391.2017.1337815
https://doi.org/10.1249/00005768-198806000-00006
https://doi.org/10.1080/1091367X.2020.1865966

Cunniffe, B., Papageorgiou, M., O’Brien, B., Davies, N.A., Grimble, G.K. and Cardinale, M. (2016).
Acute citrulline-malate supplementation and high-intensity cycling performance. Journal of
Strength and Conditioning  Research, 30(9), pp.2638-2647. Available at:

https://doi.org/10.1519/JSC.0000000000001338.

Currell, K. and Jeukendrup, A.E. (2008). Validity, reliability and sensitivity of measures of sporting
performance. Sports Medicine, 38(4), pp.297-316. Available at:

https://doi.org/10.2165/00007256-200838040-00003.

Czeczelewski, J., Dtugotecka, B., Czeczelewska, E. and Raczynska, B. (2013). Intakes of selected
nutrients, bone mineralisation and density of adolescent female swimmers over a three-year
period. Biology of Sport, 30(1), pp.17-20. Available at:

https://doi.org/10.5604/20831862.1029816.

d'Unienville, N.M.A., Blake, H.T., Coates, A.M., Hill, A.M., Nelson, M.J. and Buckley, J.D. (2021).
Effect of food sources of nitrate, polyphenols, L-arginine and L-citrulline on endurance
exercise performance: a systematic review and meta-analysis of randomised controlled trials.
Journal of the International Society of Sports Nutrition, 18(1), pp.76. Available at:

https://doi.org/10.1186/s12970-021-00472-y.

da Costa, N.F., Schtscherbyna, A., Soares, E.A. and Ribeiro, B.G. (2013). Disordered eating among
adolescent female swimmers: dietary, biochemical, and body composition

factors. Nutrition, 29(1), pp.172-177. Available at: https://doi.org/10.1016/j.nut.2012.06.007.

de Araujo Dias, G.F., da Eira Silva, V., de Salles Painelli, V., Sale, C., Artioli, G.G., Gualano, B., et
al. (2015). (In)consistencies in responses to sodium bicarbonate supplementation: a
randomised, repeated measures, counterbalanced and double-blind study. PLoS One, 10(11),

pp.e0143086. Available at: https://doi.org/10.1371/journal.pone.0143086.

de Carvalho, F.G., Rosa, F.T., Suen, V.M.M,, Freitas, E.C., Padovan, G.J. and Marchini, J.S. (2012).
Evidence of zinc deficiency in competitive swimmers. Nutrition, 28(11-12), pp.1127-1131.

Available at: https://doi.org/10.1016/j.nut.2012.02.012.

249


https://doi.org/10.1519/JSC.0000000000001338
https://doi.org/10.2165/00007256-200838040-00003
https://doi.org/10.5604/20831862.1029816
https://doi.org/10.1186/s12970-021-00472-y
https://doi.org/10.1016/j.nut.2012.06.007
https://doi.org/10.1371/journal.pone.0143086
https://doi.org/10.1016/j.nut.2012.02.012

de Oliveira, L.F., Saunders, B., Yamaguchi, G., Swinton, P., and Artioli, G.G. (2020). Is
individualization of sodium bicarbonate ingestion based on time to peak necessary? Medicine
and Science in Sports and Exercise, 52(8), pp.1801-1808. Awvailable at:

https://doi.org/10.1249/MSS.0000000000002313.

de Salles Painelli, V., Roschel, H., de Jesus, F., Sale, C., Harris, R.C., Solis, M.Y. et al. (2013). The
ergogenic effect of beta-alanine combined with sodium bicarbonate on high-intensity
swimming performance. Applied Physiology, Nutrition, and Metabolism, 38(5), pp.525-532.

Available at: https://doi.org/10.1139/apnm-2012-0286.

di Cagno, A., Buonsenso, A., Baralla, F., Grazioli, E., di Martino, G., Lecce, E., et al. (2020).
Psychological impact of the quarantine-induced stress during the coronavirus (COVID-19)
outbreak among Italian athletes. International Journal of Environmental Research and Public

Health, 17(23), pp.8867. Available at: https://doi.org/10.3390/ijerph17238867.

Dai, Z., McKenzie, J.E., McDonald, S., Baram, L., Page, M.J., Allman-Farinelli, M., et al. (2021).
Assessment of the methods used to develop vitamin D and calcium recommendations — a
systematic review of bone health guidelines. Nutrients, 13(7), pp.2423. Available at:

https://doi.org/10.3390/nu13072423.

Dascombe, B.J., Karunaratna, M., Cartoon, J., Fergie, B. and Goodman, C. (2010). Nutritional
supplementation habits and perceptions of elite athletes within a state-based sporting institute.
Journal of Science and Medicine in Sport, 13(2), pp.274-280. Available at:

https://doi.org/10.1016/j.jsams.2009.03.005.

Davis, J.M., Zhao, Z., Stock, H.S., Mehl, K.A., Buggy, J. and Hand, G.A. (2003). Central nervous
system effects of caffeine and adenosine on fatigue. American Journal of Physiology-
Regulatory, Integrative and Comparative Physiology, 284(2), pp.R399-R404. Available at:

https://doi.org/10.1152/ajprequ.00386.2002.

250


https://doi.org/10.1249/MSS.0000000000002313
https://doi.org/10.1139/apnm-2012-0286
https://doi.org/10.3390/ijerph17238867
https://doi.org/10.3390/nu13072423
https://doi.org/10.1016/j.jsams.2009.03.005
https://doi.org/10.1152/ajpregu.00386.2002

Davis, J.K. and Green, J.M. (2009). Caffeine and anaerobic performance: ergogenic value and
mechanisms of action. Sports Medicine, 39(10), pp.813-832. Available at:

https://doi.org/10.2165/11317770-000000000-00000.

Department for Digital, Culture, Media, and Sport (2017). Duty of care in sport review. Available at:

https://www.gov.uk/government/publications/duty-of-care-in-sport-review  [Accessed 16

January 2023).

Department for Digital, Culture, Media, and Sport (2018). Data Protection Act 2018. Available at:

https://www.gov.uk/government/collections/data-protection-act-2018 [Accessed 16 January

2023).

Department for Digital, Culture, Media, and Sport (2020). Working safely during coronavirus

(COVID-19). Available at: https://www.gov.uk/guidance/working-safely-during-coronavirus-

covid-19/close-contact-services [Accessed 21 November 2020].

Derave, W. and Tipton, K.D. (2014). Dietary supplements for aquatic sports. International Journal of
Sport  Nutrition and Exercise Metabolism, 24(4), pp.437-449. Available at:

https://doi.org/10.1123/ijsnem.2014-0017.

Desbrow, B. (2021). Youth athlete development and nutrition. Sports Medicine, 51(1), pp.3-12.

Available at: https://doi.org/10.1007/s40279-021-01534-6.

Desbrow, B., McCormack, J., Burke, L.M., Cox, G.R., Fallon, K., Hislop, M., et al. (2014) Sports
Dietitians Australia position statement: sports nutrition for the adolescent athlete.
International Journal of Sport Nutrition and Exercise Metabolism, 24(5), pp.570-584.

Available at: https://doi.org/10.1123/ijsnem.2014-0031.

Dominguez, R., Jesus-Sanchez-Oliver, A., Cuenca, E., Jodra, P., Da Silva, S.F. and Mata-Orddfiez, F.
(2017). Nutritional needs in the professional practice of swimming: a review. Journal of
Exercise Nutrition and Biochemistry, 21(4), pp.1-10. Available at:

https://doi.org/10.20463/jenb.2017.0030.

251


https://doi.org/10.2165/11317770-000000000-00000
https://www.gov.uk/government/publications/duty-of-care-in-sport-review
https://www.gov.uk/government/collections/data-protection-act-2018
https://www.gov.uk/guidance/working-safely-during-coronavirus-covid-19/close-contact-services
https://www.gov.uk/guidance/working-safely-during-coronavirus-covid-19/close-contact-services
https://doi.org/10.1123/ijsnem.2014-0017
https://doi.org/10.1007/s40279-021-01534-6
https://doi.org/10.1123/ijsnem.2014-0031
https://doi.org/10.20463/jenb.2017.0030

Dopsaj, M., Zuoziene, 1.J., Mili¢, R., Cherepov, E., Erlikh, V., Masiulis, N., et al. (2020). Body
composition in international sprint swimmers: are there any relations with

performance? International Journal of Environmental Research and Public Health, 17(24),

pp.9464. Available at: https://doi.org/10.3390/ijerph17249464.

Dorsch, T.E., King, M.Q., Tulane, S., Osai, K.V., Dunn, C.R. and Carlsen, C.P. (2019). Parent
education in youth sport: a community case study of parents, coaches, and administrators.
Journal  of Applied Sport Psychology, 31(4), pp.427-450. Available at:

https://doi.org/10.1080/10413200.2018.1510438.

Drake, C., Roehrs, T., Shambroom, J. and Roth, T. (2013). Caffeine effects on sleep taken 0, 3, or 6
hours before going to bed. Journal of Clinical Sleep Medicine, 9(11), pp.1195-1200.

Available at: https://doi.org/10.5664/jcsm.3170.

Drost, E.A. (2011). Validity and reliability in social science research. Education Research and

Perspectives, 38(1), pp.105-123.

Drust, B., Waterhouse, J., Atkinson, G., Edwards, B. and Reilly, T. (2005). Circadian rhythms in
sports performance — an update. Chronobiology International, 22(1), pp.21-44. Available at:

https://doi.org/10.1081/cbi-200041039.

Dubnov-Raz, G., Livne, N., Raz, R., Cohen, A.H. and Constantini, N.W. (2015a). Vitamin D
supplementation and physical performance in adolescent swimmers. International Journal of
Sport Nutrition and Exercise Metabolism, 25(4), pp.317-325. Available at:

https://doi.org/10.1123/ijsnem.2014-0180.

Dubnov-Raz, G., Rinat, B., Hemild, H., Choleva, L., Cohen, A.H. and Constantini, N.W. (2015b).
Vitamin D supplementation and upper respiratory tract infections in adolescent swimmers: a
randomized controlled trial. Pediatric Exercise Science, 27(1), pp.113-119. Available at:

https://doi.org/10.1123/pes.2014-0030.

Duiven, E., van Loon, L.J.C., Spruijt, L., Koert, W. and de Hon, O.M. (2021). Undeclared doping

substances are highly prevalent in commercial sports nutrition supplements. Journal of Sports

252


https://doi.org/10.3390/ijerph17249464
https://doi.org/10.1080/10413200.2018.1510438
https://doi.org/10.5664/jcsm.3170
https://doi.org/10.1081/cbi-200041039
https://doi.org/10.1123/ijsnem.2014-0180
https://doi.org/10.1123/pes.2014-0030

Science and Medicine, 20(2), pp.328-338. Available at:

https://doi.org/10.52082/jssm.2021.328.

Dunican, I.C., Higgins, C.C., Jones, M.J., Clarke, M.W., Murray, K., Dawson, B., et al. (2018).
Caffeine use in a Super Rugby game and its relationship to post-game sleep. European
Journal of Sport Science, 18(4), pp.513-523. Available at:

https://doi.org/10.1080/17461391.2018.1433238.

Duncan, M.J., Stanley, M., Parkhouse, N., Cook, K. and Smith, M. (2013). Acute caffeine ingestion
enhances strength performance and reduces perceived exertion and muscle pain perception
during resistance exercise. European Journal of Sport Science, 13(4), pp.392-399. Available

at: https://doi.org/10.1080/17461391.2011.635811.

Elliott-Sale, K. J., Minahan, C. L., de Jonge, X. A. J., Ackerman, K. E., Sipila, S., Constantini, N. W.,
et al. (2021). Methodological considerations for studies in sport and exercise science with
women as participants: a working guide for standards of practice for research on

women. Sports Medicine, 51(5), pp.843-861. Available at: https://doi.org/10.1007/s40279-

021-01435-8.

Elosegui, S., LOpez-Seoane, J., Martinez-Ferran, M. and Pareja-Galeano, H. (2022). Interaction
between caffeine and creatine when used as concurrent ergogenic supplements: a systematic
review. International Journal of Sport Nutrition and Exercise Metabolism, 32(4), pp.285—

295. Available at; https://doi.org/10.1123/ijsnem.2021-0262.

Esen, O., Eser, M.C., Abdioglu, M., Benesova, D., Gabrys, T., Karayigit, R. (2022). Eight days of L-
citrulline or L-arginine supplementation did not improve 200-m and 100-m swimming time
trials. International Journal of Environmental Research and Public Health, 19(8), pp.4462.

Available at: https://doi.org/10.3390/ijerph19084462.

Esen, O., Nicholas, C., Morris, M. and Bailey, S.J. (2019). No effect of beetroot juice

supplementation on 100-m and 200-m swimming performance in moderately trained

253


https://doi.org/10.52082/jssm.2021.328
https://doi.org/10.1080/17461391.2018.1433238
https://doi.org/10.1080/17461391.2011.635811
https://doi.org/10.1007/s40279-021-01435-8
https://doi.org/10.1007/s40279-021-01435-8
https://doi.org/10.1123/ijsnem.2021-0262
https://doi.org/10.3390/ijerph19084462

swimmers. International Journal of Sports Physiology and Performance, 14(6), pp.706—710.

Available at: https://doi.org/10.1123/ijspp.2018-0654.

European Food Safety Authority Panel on Dietetic Products, Nutrition and Allergies (NDA). (2015).
Scientific opinion on the safety of caffeine. EFSA Journal, 13(5), pp.4102. Available at:

https://doi.org/10.2903/j.efsa.2015.4102.

Farajian, P., Kavouras, S.A., Yannakoulia, M. and Sidossis, L.S. (2004). Dietary intake and
nutritional practices of elite Greek aquatic athletes. International Journal of Sport Nutrition
and Exercise Metabolism, 14(5), pp.574-585. Available at:

https://doi.org/10.1123/ijsnem.14.5.574.

Farina, E.K., Thompson, L.A., Knapik, J.J., Pasiakos, S.M., Lieberman, H.R. and McClung, J.P.
(2020). Diet quality is associated with physical performance and special forces selection.
Medicine and Science in Sports and Exercise, 52(1), pp.178-186. Available at:

https://doi.org/10.1249/MSS.0000000000002111.

Farrokhyar, F., Tabasinejad, R., Dao, D., Peterson, D., Ayeni, O.R., Hadioonzadeh, R., et al. (2015).

Prevalence of vitamin D inadequacy in athletes: a systematic-review and meta-analysis.

Sports Medicine, 45(3), pp.365-378. Available at: https://doi.org/10.1007/s40279-014-0267-

6.

Figge, J., Rossing, T.H. and Fencl, V. (1991). The role of serum proteins in acid-base equilibria. The

Journal of Laboratory and Clinical Medicine. 117(6), pp.453-467.

Fitts, R.H. (2008). The cross-bridge cycle and skeletal muscle fatigue. Journal of Applied Physiology,

104(2), pp.551-558. Available at: https://doi.org/10.1152/japplphysiol.01200.2007.

Fitts, R.H. (2016). The role of acidosis in fatigue: pro perspective. Medicine and Science in Sports
and Exercise, 48(11), pp.2335-2338. Available at:

https://doi.org/10.1249/MSS.0000000000001043.

254


https://doi.org/10.1123/ijspp.2018-0654
https://doi.org/10.2903/j.efsa.2015.4102
https://doi.org/10.1123/ijsnem.14.5.574
https://doi.org/10.1249/MSS.0000000000002111
https://doi.org/10.1007/s40279-014-0267-6
https://doi.org/10.1007/s40279-014-0267-6
https://doi.org/10.1152/japplphysiol.01200.2007
https://doi.org/10.1249/MSS.0000000000001043

Fitzgerald, H.T., Rubin, S.T., Fitzgerald, D.A. and Rubin, B.K. (2021). COVID-19 and the impact on
young  athletes. Paediatric ~ Respiratory  Reviews, 39, pp.9-15. Available at:

https://doi.org/10.1016/j.prrv.2021.04.005.

Foo, W.L., Faghy, M.A., Sparks, A., Newbury, JW. and Gough, L.A. (2021). The effects of a
nutrition education intervention on sports nutrition knowledge during a competitive season in
highly trained adolescent swimmers. Nutrients, 13(8), pp.2713. Available at:

https://doi.org/10.3390/nul13082713.

Forbes, G.B. (1964). Growth of the lean body mass during childhood and adolescence. The Journal of

Pediatrics, 64(6), pp.822-827. Available at: https://doi.org/10.1016/s0022-3476(64)80640-5.

Fortes, L.S., da Costa, B.D.V., Paes, P.P., do Nascimento Junior, J.R.A., Fiorese, L. and Ferreira,
M.E.C. (2017). Influence of competitive-anxiety on heart rate variability in swimmers.

Journal of Sports Science and Medicine, 16(4), pp.498-504.

Fryer, S.M., Dickson, T., Hillier, S., Stoner, L., Scarrott, C. and Draper, N. (2014). A comparison of
capillary, venous, and salivary cortisol sampling after intense exercise. International Journal
of Sports Physiology and Performance, 9(6), pp.973-977. Available at:

https://doi.org/10.1123/ijspp.2013-0341.

Fullagar, H.H., Skorski, S., Duffield, R., Hammes, D., Coutts, A.J. and Meyer, T. (2015). Sleep and
athletic performance: the effects of sleep loss on exercise performance, and physiological and
cognitive responses to exercise. Sports Medicine, 45(2), pp.161-186. Available at:

https://doi.org/10.1007/s40279-014-0260-0.

Galan, F., Ribas, J., Sdnchez-Martinez, P.M., Calero, T., Sdnchez, A.B. and Mufioz, A. (2012). Serum
25-hydroxyvitamin D in early autumn to ensure vitamin D sufficiency in mid-winter in
professional football players. Clinical Nutrition, 31(1), pp.132-136. Available at:

https://doi.org10.1016/j.clnu.2011.07.008.

255


https://doi.org/10.1016/j.prrv.2021.04.005
https://doi.org/10.3390/nu13082713
https://doi.org/10.1016/s0022-3476(64)80640-5
https://doi.org/10.1123/ijspp.2013-0341
https://doi.org/10.1007/s40279-014-0260-0
https://doi.org10.1016/j.clnu.2011.07.008

Gallagher, E.J., Bijur, P.E., Latimer, C. and Silver, W. (2002). Reliability and validity of a visual
analog scale for acute abdominal pain in the ED. The American Journal of Emergency

Medicine, 20(4), pp.287-290. Available at: https://doi.org/10.1053/ajem.2002.33778.

Gao, J.P., Costill, D.L., Horswill, C.A. and Park, S.H. (1988). Sodium bicarbonate ingestion improves
performance in interval swimming. European Journal of Applied Physiology and
Occupational Physiology, 58(1-2), pp.171-174. Available at:

https://doi.org/10.1007/BF00636622.

Garthe, 1. and Maughan, R.J. (2018). Athletes and supplements: prevalence and perspectives.
International Journal of Sport Nutrition and Exercise Metabolism, 28(2), pp.126-138.

Available at: https://doi.org/10.1123/ijsnem.2017-0429.

Garthe, 1., Raastad, T., Refsnes, P.E. and Sundgot-Borgen, J., 2013. Effect of nutritional intervention
on body composition and performance in elite athletes. European Journal of Sport

Science, 13(3), pp.295-303. Available at: https://doi.org/10.1080/17461391.2011.643923.

Geiker, N.R.W., Hansen, M., Jakobsen, J., Kristensen, M., Larsen, R., Jargensen, N.R., et al. (2017).
Vitamin D status and muscle function among adolescent and young swimmers. International
Journal of Sport Nutrition and Exercise Metabolism, 27(5), pp.399-407. Available at:

https://doi.org/10.1123/ijsnem.2016-0248.

Geyer, H., Parr, M.K., Mareck, U., Reinhart, U., Schrader, Y. and Schanzer, W. (2004). Analysis of
non-hormonal nutritional supplements for anabolic-androgenic steroids - results of an
international study. International Journal of Sports Medicine, 25(2) pp.124-129. Available at:

https://doi.org/10.1055/s-2004-819955.

Gibala, M.J., Young, M.E. and Taegtmeyer, H. (2000). Anaplerosis of the citric acid cycle: role in
energy metabolism of heart and skeletal muscle. Acta Physiologica Scandinavica, 168(4),

pp.657—-665. Available at: https://doi.org/10.1046/j.1365-201x.2000.00717.x.

256


https://doi.org/10.1053/ajem.2002.33778
https://doi.org/10.1007/BF00636622
https://doi.org/10.1123/ijsnem.2017-0429
https://doi.org/10.1080/17461391.2011.643923
https://doi.org/10.1123/ijsnem.2016-0248
https://doi.org/10.1055/s-2004-819955
https://doi.org/10.1046/j.1365-201x.2000.00717.x

Giersch, G. E., Charkoudian, N., Stearns, R. L. and Casa, D. J. (2020). Fluid balance and hydration
considerations for women: review and future directions. Sports Medicine, 50, pp.253-261.

Available at: https://doi.org/10.1007/s40279-019-01206-6.

Gills, J.L., Glenn, J.M., Gray, M., Romer, B. and Lu, H. (2021). Acute citrulline-malate
supplementation is ineffective during aerobic cycling and subsequent anaerobic performance
in recreationally active males. European Journal of Sport Science, 21(1), pp.77-83. Available

at: https://doi.org/10.1080/17461391.2020.1722757.

Girard, O., Mendez-Villanueva, A. and Bishop, D. (2011). Repeated-sprint ability — part I: factors
contributing to  fatigue. Sports  Medicine, 41(8), pp.673-694.  Available at:

https://doi.org/10.2165/11590550-000000000-00000.

Gleeson, M. and Bishop, N.C. (2000). Special feature for the Olympics: effects of exercise on the
immune system: modification of immune responses to exercise by carbohydrate, glutamine
and anti-oxidant supplements. Immunology and Cell Biology, 78(5), pp.554-561. Available

at: https://doi.orh/10.1111/j.1440-1711.2000.t01-6-.X.

Goldstein, E.R., Ziegenfuss, T., Kalman, D., Kreider, R., Campbell, B., Wilborn, C., et al. (2010).
International Society of Sports Nutrition position stand: caffeine and performance. Journal of
the International Society of Sports Nutrition, 7(1), pp.5. Available at:

https://doi.org/10.1186/1550-2783-7-5.

Gonzalez, A.M. and Trexler, E.T. (2020). Effects of citrulline supplementation on exercise
performance in humans: a review of the current literature. Journal of Strength and
Conditioning Research, 34(5), pp.1480-1495. Available at:

https://doi.org/10.1519/JSC.0000000000003426.

Goods, P.S., Landers, G. and Fulton, S. (2017). Caffeine ingestion improves repeated freestyle sprints

in elite male swimmers. Journal of Sports Science and Medicine, 16(1), pp.93-98.

Gough, L.A., Brown, D., Deb, S.K., Sparks, S.A. and McNaughton, L.R. (2018a). The influence of

alkalosis on repeated high-intensity exercise performance and acid-base balance recovery in

257


https://doi.org/10.1007/s40279-019-01206-6
https://doi.org/10.1080/17461391.2020.1722757
https://doi.org/10.2165/11590550-000000000-00000
https://doi.orh/10.1111/j.1440-1711.2000.t01-6-.x
https://doi.org/10.1186/1550-2783-7-5
https://doi.org/10.1519/JSC.0000000000003426

acute moderate hypoxic conditions. European Journal of Applied Physiology, 118(12),

pp.2489-2498. Available at: https://doi.org/10.1007/s00421-018-3975-z.

Gough, L.A., Deb, S.K., Brown, D., Sparks, S.A. and McNaughton, L.R. (2019a). The effects of
sodium bicarbonate ingestion on cycling performance and acid base balance recovery in acute
normobaric hypoxia. Journal of Sports Sciences, 37(13), pp.1464-1471. Available at:

https://doi.org/10.1080/02640414.2019.1568173.

Gough, L.A., Deb, S.K., Sparks, S.A. and McNaughton, L.R. (2017). The reproducibility of blood
acid base responses in male collegiate athletes following individualised doses of sodium
bicarbonate: a randomised controlled crossover study. Sports Medicine, 47(10), pp.2117—

2127. Available at; https://doi.org/10.1007/s40279-017-0699-x.

Gough, L.A., Deb, S.K., Sparks, S.A. and McNaughton, L.R. (2018b). Sodium bicarbonate improves
4 km time trial cycling performance when individualised to time to peak blood bicarbonate in
trained male cyclists. Journal of Sports Sciences, 36(15), pp.1705-1712. Awvailable at:

https://doi.org/10.1080/02640414.2017.1410875.

Gough, L.A., Newbury, JW. and Price, M. (2023). The effects of sodium bicarbonate ingestion on
swimming interval performance in trained competitive swimmers. European Journal of

Applied Physiology, pp.1-9. Available at: https://doi.org/10.1007/s00421-023-05192-6.

Gough, L.A., Rimmer, S., Sparks, S.A., McNaughton, L.R. and Higgins, M.F. (2019b). Post-exercise
supplementation of sodium bicarbonate improves acid base balance recovery and subsequent
high-intensity boxing specific performance. Frontiers in Nutrition, 6, pp.155. Available at:

https://doi.org/10.3389/fnut.2019.00155.

Gough, L.A., Sparks, S.A., McNaughton, L.R., Higgins, M.F., Newbury, J.W., Trexler, E., et al.
(2021). A critical review of citrulline malate supplementation and exercise performance.
European Journal of Applied Physiology, 121(12), pp.3283-3295. Available at:

https://doi.org/10.1007/s00421-021-04774-6.

258


https://doi.org/10.1007/s00421-018-3975-z
https://doi.org/10.1080/02640414.2019.1568173
https://doi.org/10.1007/s40279-017-0699-x
https://doi.org/10.1080/02640414.2017.1410875
https://doi.org/10.1007/s00421-023-05192-6
https://doi.org/10.3389/fnut.2019.00155
https://doi.org/10.1007/s00421-021-04774-6

Gough, L.A., Williams, J.J., Newbury, JW. and Gurton, W.H. (2022). The effects of sodium
bicarbonate supplementation at individual time-to-peak blood bicarbonate on 4-km cycling
time trial performance in the heat. European Journal of Sport Science, 22(12), pp.1856-1864.

Available at: https://doi.org/10.1080/17461391.2021.1998644.

Graham, T.E. (2000). Caffeine and exercise: metabolism, endurance and performance. Sports

Medicine, 31(11), pp.785-807. Available at: https://doi.org/10.2165/00007256-200131110-

00002.

Graham, T.E. and Spriet, L.L. (1995). Metabolic, catecholamine, and exercise performance responses
to various doses of caffeine. Journal of Applied Physiology, 78(3), pp.867—-874. Available at:

https://doi.org/10.1152/jappl.1995.78.3.867.

Grgic, J. (2022). A meta-analysis on the effects of caffeine ingestion on swimming
performance. Nutrition and Food Science, 52(8), pp.1242-1253. Available at:

https://doi.org/10.1108/NFS-01-2022-0019.

Gryic, J., Grygic, 1., Pickering, C., Schoenfeld, B.J., Bishop, D.J. and Pedisic, Z. (2020). Wake up and
smell the coffee: caffeine supplementation and exercise performance-an umbrella review of
21 published meta-analyses. British Journal of Sports Medicine, 54(11), pp.681-688.

Available at: https://doi.org/10.1136/bjsports-2018-100278.

Grgic, J. and Mikulic, P. (2022). Ergogenic effects of sodium bicarbonate supplementation on middle-
, but not short-distance swimming tests: a meta-analysis. Journal of Dietary Supplements,

19(6), pp.791-802. Available at: https://doi.org/10.1080/19390211.2021.1942381.

Grgic, J., Pedisic, Z., Saunders, B., Artioli, G.G., Schoenfeld, B.J., McKenna, M.J., et al. (2021).
International Society of Sports Nutrition position stand: sodium bicarbonate and exercise
performance. Journal of the International Society of Sports Nutrition, 18(1), pp.61. Available

at: https://doi.org/10.1186/s12970-021-00458-w.

259


https://doi.org/10.1080/17461391.2021.1998644
https://doi.org/10.2165/00007256-200131110-00002
https://doi.org/10.2165/00007256-200131110-00002
https://doi.org/10.1152/jappl.1995.78.3.867
https://doi.org/10.1108/NFS-01-2022-0019
https://doi.org/10.1136/bjsports-2018-100278
https://doi.org/10.1080/19390211.2021.1942381
https://doi.org/10.1186/s12970-021-00458-w

Grimble, G.K. (2007). Adverse gastrointestinal effects of arginine and related amino acids. The
Journal of Nutrition, 137(6), pp.1693S-1701S. Available at:

https://doi.org/10.1093/jn/137.6.1693S.

Guimardes, R.D.S., Morais Junior, A.C., Schincaglia, R.M., Saunders, B., Pimentel, G.D. and Mota,
J.F. (2020). Sodium bicarbonate supplementation does not improve running anaerobic sprint
test performance in semi-professional adolescent soccer players. International Journal of
Sport Nutrition and Exercise Metabolism, 30(5), pp.330-337. Available at:

https://doi.org/10.1123/ijsnem.2020-0031.

Guest, N.S., VanDusseldorp, T.A., Nelson, M.T., Grgic, J., Schoenfeld, B.J., Jenkins, N.D.M., et al.
(2021). International Society of Sports Nutrition position stand: caffeine and exercise
performance. Journal of the International Society of Sports Nutrition, 18(1), pp.1. Available

at: https://doi.org/10.1186/s12970-020-00383-4.

Gurton, W.H., Faulkner, S.H., James, R.M. (2021). Effect of warm-up and sodium bicarbonate
ingestion on 4-km cycling time-trial performance. International Journal of Sports Physiology

and Performance, 16(11), pp.1573-1579. Available at: https://doi.org/10.1123/ijspp.2020-

0743.

Gurton, W.H., Gough, L.A., Sparks, S.A., Faghy, M.A. and Reed, K.E. (2020). Sodium bicarbonate
ingestion improves time-to-exhaustion cycling performance and alters estimated energy
system contribution: a dose-response investigation. Frontiers in Nutrition, 7, pp.154.

Available at: https://doi.org/10.3389/fnut.2020.00154.

Haddad, M., Abbes, Z., Mujika, I. and Chamari, K. (2021). Impact of COVID-19 on swimming
training: practical recommendations during home confinement/isolation. International
Journal of Environmental Research and Public Health, 18(9), pp.4767. Awvailable at:

https://doi.org/10.3390/ijerph18094767.

260


https://doi.org/10.1093/jn/137.6.1693S
https://doi.org/10.1123/ijsnem.2020-0031
https://doi.org/10.1186/s12970-020-00383-4
https://doi.org/10.1123/ijspp.2020-0743
https://doi.org/10.1123/ijspp.2020-0743
https://doi.org/10.3389/fnut.2020.00154
https://doi.org/10.3390/ijerph18094767

Hallgren, K.A. (2012). Computing inter-rater reliability for observational data: an overview and
tutorial. Tutorials in Quantitative Methods for Psychology, 8(1), pp.23-34. Available at:

https://doi.org/10.20982/tamp.08.1.p023.

Hannan, M. T., Litman, H. J., Araujo, A. B., McLennan, C. E., McLean, R. R., McKinlay, J. B., et al.
(2008). Serum 25-hydroxyvitamin D and bone mineral density in a racially and ethnically
diverse group of men. The Journal of Clinical Endocrinology and Metabolism, 93(1), pp.40—

46. Available at: https://doi.org/10.1210/jc.2007-1217.

Hannon, M.P., Carney, D.J., Floyd, S., Parker, L.J., McKeown, J., Drust, B., et al. (2020a). Cross-
sectional comparison of body composition and resting metabolic rate in Premier League
academy soccer players: implications for growth and maturation. Journal of Sports
Sciences, 38(11-12), pp.1326-1334. Available at:

https://doi.org/10.1080/02640414.2020.1717286.

Hannon, M.P., Close, G.L. and Morton, J.P. (2020b). Energy and macronutrient considerations for
young athletes. Strength and Conditioning Journal, 42(6), pp.109-119. Available at:

https://doi.org/10.1519/SSC.0000000000000570.

Hargreaves, M. and Spriet, L.L. (2020). Skeletal muscle energy metabolism during exercise. Nature

Metabolism, 2(9), pp.817-828. Available at: https://doi.org/10.1038/s42255-020-0251-4.

Harty, P.S., Zabriskie, H.A., Stecker, R.A., Currier, B.S., Tinsley, G.M., Surowiec, K., et al. (2020).
Caffeine timing improves lower-body muscular performance: a randomized trial. Frontiers in

Nutrition, 7, pp.585900. https://doi.org/10.3389/fnut.2020.585900.

Harvey, K.L., Holcomb, L.E. and Kolwicz Jr, S.C. (2019). Ketogenic diets and exercise performance.

Nutrients, 11(10), pp.2296. Available at: https://doi.org/10.3390/nu11102296.

Hassapidou, M.N., Valasiadou, V., Tzioumakis, L. and Vrantza, P. (2002). Nutrient intake and
anthropometric characteristics of adolescent Greek swimmers. Nutrition and Dietetics: The

Journal of the Dietitians Association of Australia, 59(1), pp.38-43.

261


https://doi.org/10.20982/tqmp.08.1.p023
https://doi.org/10.1210/jc.2007-1217
https://doi.org/10.1080/02640414.2020.1717286
https://doi.org/10.1519/SSC.0000000000000570
https://doi.org/10.1038/s42255-020-0251-4
https://doi.org/10.3389/fnut.2020.585900
https://doi.org/10.3390/nu11102296

Hathcock, J.N., Shao, A., Vieth, R. and Heaney, R. (2007). Risk assessment for vitamin D. The
American  Journal of Clinical  Nutrition, 85(1), pp.6-18. Available at:

https://doi.org/10.1093/ajcn/85.1.6.

Havemann, L., West, S.J., Goedecke, J.H., Macdonald, I.A., St Clair Gibson, A., Noakes, T.D., et al.
(2006). Fat adaptation followed by carbohydrate loading compromises high-intensity sprint
performance. Journal of Applied Physiology, 100(1), pp.194-202. Available at:

https://doi.org/10.1152/japplphysiol.00813.2005.

Hawley, J.A. and Williams, M.M. (1991). Dietary intakes of age-group swimmers. British Journal of

Sports Medicine, 25(3), pp.154-158. Available at: https://doi.org/10.1136/bjsm.25.3.154.

Heath, A.K., Williamson, E.J., Ebeling, P.R., Kvaskoff, D., Eyles, D.W. and English, D.R. (2014).
Measurements of 25-hydroxyvitamin D concentrations in archived dried blood spots are
reliable and accurately reflect those in plasma. The Journal of Clinical Endocrinology and

Metabolism, 99(9), pp.3319-3324. Available at: https://doi.org/10.1210/jc.2014-1269.

Heaney, S., O'Connor, H., Michael, S., Gifford, J. and Naughton, G. (2011). Nutrition knowledge in

athletes: a systematic review. International Journal of Sport Nutrition and Exercise

Metabolism, 21(3), pp.248-261. Available at: https://doi.org/10.1123/ijsnem.21.3.248.

Heibel, A.B., Perim, P.H.L., de Oliveira, L.F., McNaughton, L.R., and Saunders, B. (2018). Time to
optimize supplementation: modifying factors influencing the individual responses to
extracellular buffering agents. Frontiers in Nutrition, 5, pp.35. Available at:

https://doi.org/10.3389/fnut.2018.00035.

Heigenhauser, G.J.F. (1991). Ergogenic enhancement of performance in exercise and sport:
bicarbonate loading. In D.R. Lamb and M.H. Williams, eds. Prospective in Exercise Science

and Sports Medicine, Volume 4. Carmel, IN: Cooper Publishing Group LLC, pp.183-212.

Heubert, R.A., Billat, V.L., Chassaing, P., Bocquet, V., Morton, R.H., Koralsztein, J.P., et al. (2005).

Effect of a previous sprint on the parameters of the work-time to exhaustion relationship in

262


https://doi.org/10.1093/ajcn/85.1.6
https://doi.org/10.1152/japplphysiol.00813.2005
https://doi.org/10.1136/bjsm.25.3.154
https://doi.org/10.1210/jc.2014-1269
https://doi.org/10.1123/ijsnem.21.3.248
https://doi.org/10.3389/fnut.2018.00035

high intensity cycling. International Journal of Sports Medicine, 26(7), pp.583-592.

Available at: https://doi.org/10.1055/s-2004-830335.

Higgins, M.F., James, R.S. and Price, M.J. (2013). The effects of sodium bicarbonate (NaHCO3)
ingestion on high intensity cycling capacity. Journal of Sports Sciences, 31(9), pp.972-981.

Available at: https://doi.org/10.1080/02640414.2012.758868.

Hobson, R.M., Harris, R.C., Martin, D., Smith, P., Macklin, B., Gualano, B., et al. (2013). Effect of
beta-alanine, with and without sodium bicarbonate, on 2000-m rowing performance.
International Journal of Sport Nutrition and Exercise Metabolism, 23(5), pp.480-487.

Available at: https://doi.org/10.1123/ijsnem.23.5.480.

Holick, M.F. (2004). Sunlight and vitamin D for bone health and prevention of autoimmune diseases,
cancers, and cardiovascular disease. The American Journal of Clinical Nutrition, 80(6),

pp.1678S-1688S. Available at: https://doi.org/10.1093/ajcn/80.6.1678S.

Holick, M.F., Binkley, N.C., Bischoff-Ferrari, H.A., Gordon, C.M., Hanley, D.A., Heaney, R.P., et al.
(2011). Evaluation, treatment, and prevention of vitamin D deficiency: an Endocrine Society
clinical practice guideline. The Journal of Clinical Endocrinology and Metabolism, 96(7),

pp.1911-1930. Available at: https://doi.org/10.1210/jc.2011-0385.

Holick, M.F., Frommer, J.E., McNeill, S.C., Richtand, N.M., Henley, J.W. and Potts Jr, J.T. (1977).
Photometabolism of 7-dehydrocholesterol to previtamin Ds in skin. Biochemical and
Biophysical ~ Research ~ Communications,  76(1), pp.107-114.  Available at:

https://doi.org/10.1016/0006-291x(77)91674-6.

Hollabaugh, W.L., Meirick, P.J., Matarazzo, C.P., Burston, A.M., Camery, M.E., Ferrill-Moseley,
K.A., et al. (2022). Evaluation of a vitamin D screening and treatment protocol using a
seasonal calculator in athletes. Current Sports Medicine Reports, 21(2), pp.53-62. Available

at: https://doi.org/10.1249/JSR.0000000000000934.

Hollidge-Horvat, M.G., Parolin, M.L., Wong, D., Jones, N.L. and Heigenhauser, G.J. (2000). Effect

of induced metabolic alkalosis on human skeletal muscle metabolism during exercise.

263


https://doi.org/10.1055/s-2004-830335
https://doi.org/10.1080/02640414.2012.758868
https://doi.org/10.1123/ijsnem.23.5.480
https://doi.org/10.1093/ajcn/80.6.1678S
https://doi.org/10.1210/jc.2011-0385
https://doi.org/10.1016/0006-291x(77)91674-6
https://doi.org/10.1249/JSR.0000000000000934

American Journal of Physiology — Endocrinology and Metabolism, 278(2), pp.E316-E329.

Available at: https://doi.org/10.1152/ajpend0.2000.278.2.E316.

Hopwood, M.J., Graham, K. and Rooney, K.B. (2006). Creatine supplementation and swim

performance: a brief review. Journal of Sports Science and Medicine, 5(1), pp.10-24.

Hord, N.G., Tang, Y. and Bryan, N.S. (2009). Food sources of nitrates and nitrites: the physiologic
context for potential health benefits. The American Journal of Clinical Nutrition, 90(1), pp.1-

10. Available at; https://doi.org/10.3945/ajcn.2008.27131.

Hsueh, C.F., Wu, H.J., Tsai, T.S., Wu, C.L. and Chang, C.K. (2018). The effect of branched-chain

amino acids, citrulline, and arginine on high-intensity interval performance in young

swimmers. Nutrients, 10(12), pp.1979. Available at: https://doi.org/10.3390/nu10121979.

Huang, S.H., Johnson, K. and Pipe, A.L. (2006). The use of dietary supplements and medications by
Canadian athletes at the Atlanta and Sydney Olympic Games. Clinical Journal of Sport
Medicine, 16(1), pp.27-33. Available at:

https://doi.org/10.1097/01.jsm.0000194766.35443.9c.

Hurst, P., Ring, C. and Kavussanu, M. (2020). An evaluation of UK athletics’ clean sport programme
in preventing doping in junior elite athletes. Performance Enhancement and Health, 7(3-4),

pp.100155. Available at: https://doi.org/10.1016/].peh.2019.100155.

Huskisson, E., Maggini, S. and Ruf, M. (2007). The role of vitamins and minerals in energy
metabolism and well-being. Journal of International Medical Research, 35(3), pp.277-289.

Available at: https://doi.org/10.1177/147323000703500301.

Institute for Government. (2022). Timeline for UK Government coronavirus lockdowns and

restrictions. Available at: https://www.instituteforgovernment.org.uk/data-

visualisation/timeline-coronavirus-lockdowns [Accessed 15 April 2023].

vy, J.L. (1991). Muscle glycogen synthesis before and after exercise. Sports Medicine, 11(1), pp.6—

19. Available at: https://doi.org/10.2165/00007256-199111010-00002.

264


https://doi.org/10.1152/ajpendo.2000.278.2.E316
https://doi.org/10.3945/ajcn.2008.27131
https://doi.org/10.3390/nu10121979
https://doi.org/10.1097/01.jsm.0000194766.35443.9c
https://doi.org/10.1016/j.peh.2019.100155
https://doi.org/10.1177/147323000703500301
https://www.instituteforgovernment.org.uk/data-visualisation/timeline-coronavirus-lockdowns
https://www.instituteforgovernment.org.uk/data-visualisation/timeline-coronavirus-lockdowns
https://doi.org/10.2165/00007256-199111010-00002

Jagim, A.R., Camic, C.L., Kisiolek, J., Luedke, J., Erickson, J., Jones, M.T., et al. (2018). Accuracy of
resting metabolic rate prediction equations in athletes. Journal of Strength and Conditioning
Research, 32(7), pp.1875-1881. Available at:

https://doi.org/10.1519/JSC.0000000000002111.

Jiménez-Alfageme, R., Dominguez, R., Sanchez-Oliver, A.J., Tapia-Castillo, P., Martinez-Sanz, J.M.
and Sospedra, I. (2022). Analysis of the consumption of sports supplements in open water
swimmers according to the competitive level. Nutrients, 14(24), pp.5211. Available at:

https://doi.org/10.3390/nu14245211.

Johnson, J.N. (2003). Competitive swimming illness and injury: common conditions limiting
participation. Current Sports Medicine Reports, 2(5), pp.267-271. Available at:

https://doi.org/10.1249/00149619-200310000-00007.

Jones, S.R., Carley, S. and Harrison, M. (2003). An introduction to power and sample size estimation.
Emergency Medicine Journal, 20(5), pp.453-458. Available at:

https://doi.org/10.1136/emj.20.5.453.

Jones, A.M., Ferguson, S.K,, Bailey, S.J., Vanhatalo, A. and Poole, D.C. (2016). Fiber type-specific
effects of dietary nitrate. Exercise and Sport Science Reviews, 44(2), pp.53-60. Available at:

https://doi.org/10.1249/JES.0000000000000074.

Jones, A.M., Thompson, C., Wylie, L.J. and Vanhatalo, A. (2018). Dietary nitrate and physical
performance. Annual Review of Nutrition, 38, pp.303-328. Available at:

https://doi.org/10.1146/annurev-nutr-082117-051622.

Jones, A.M., Vanhatalo, A., Seals, D.R., Rossman, M.J., Piknova, B. and Jonvik, K.L. (2021). Dietary
nitrate and nitric oxide metabolism: mouth, circulation, skeletal muscle, and exercise
performance. Medicine and Science in Sports and Exercise, 53(2), pp.280-294. Available at:

https://doi.org/10.1249/MSS.0000000000002470.

Jones, R.L., Stellingwerff, T., Artioli, G.G., Saunders, B., Cooper, S., and Sale, C. (2016). Dose-

response of sodium bicarbonate ingestion highlights individuality in time course of blood

265


https://doi.org/10.1519/JSC.0000000000002111
https://doi.org/10.3390/nu14245211
https://doi.org/10.1249/00149619-200310000-00007
https://doi.org/10.1136/emj.20.5.453
https://doi.org/10.1249/JES.0000000000000074
https://doi.org/10.1146/annurev-nutr-082117-051622
https://doi.org/10.1249/MSS.0000000000002470

analyte responses. International Journal of Sport Nutrition and Exercise Metabolism, 26(5),

pp.445-453. Available at: https://doi.org/10.1123/ijsnem.2015-0286.

Jonnalagadda, S.S., Mitchell, D.C., Smiciklas-Wright, H., Meaker, K.B., Van Heel, N., Karmally, W.,
et al. (2000). Accuracy of energy intake data estimated by a multiple-pass, 24-hour dietary
recall technique. Journal of the American Dietetic Association, 100(3), pp.303-308. Available

at: https://doi.org/10.1016/s0002-8223(00)00095-x.

Jordan, S.L., Albracht-Schulte, K. and Robert-McComb, J.J. (2020). Micronutrient deficiency in
athletes and inefficiency of supplementation: is low energy availability a
culprit? PharmaNutrition, 14, pp.100229. Available at:

https://doi.org/10.1016/j.phanu.2020.100229.

Jovanov, P., Pordi¢, V., Obradovi¢, B., Barak, O., Pezo, L., Mari¢, A., et al. (2019). Prevalence,
knowledge and attitudes towards using sports supplements among young athletes. Journal of
the International Society of Sports Nutrition, 16(1), pp.27. Available at:

https://doi.org/10.1186/s12970-019-0294-7.

Joyce, S., Minahan, C., Anderson, M. and Osborne, M. (2012). Acute and chronic loading of sodium
bicarbonate in highly trained swimmers. European Journal of Applied Physiology, 112(2),

pp.461-469. Available at: https://doi.org/10.1007/s00421-011-1995-z.

Juel, C. (2008). Regulation of pH in human skeletal muscle: adaptations to physical activity. Acta

Physiologica,  193(1), pp.17-24. Available at:  https://doi.org/10.1111/j.1748-

1716.2008.01840.x.

Jukic, I., Calleja-Gonzélez, J., Cos, F., Cuzzolin, F., Olmo, J., Terrados, N., et al. (2020). Strategies
and solutions for team sports athletes in isolation due to COVID-19. Sports, 8(4), pp.56.

Available at: https://doi.org/10.3390/sports8040056.

Kabasakalis, A., Kalitsis, K., Tsalis, G. and Mougios, V. (2007). Imbalanced nutrition of top-level
swimmers. International Journal of Sports Medicine, 28(9), pp.780-786. Available at:

https://doi.org/10.1055/s-2007-964907.

266


https://doi.org/10.1123/ijsnem.2015-0286
https://doi.org/10.1016/s0002-8223(00)00095-x
https://doi.org/10.1016/j.phanu.2020.100229
https://doi.org/10.1186/s12970-019-0294-7
https://doi.org/10.1007/s00421-011-1995-z
https://doi.org/10.1111/j.1748-1716.2008.01840.x
https://doi.org/10.1111/j.1748-1716.2008.01840.x
https://doi.org/10.3390/sports8040056
https://doi.org/10.1055/s-2007-964907

Kahle, L.E., Kelly, P.V., Eliot, K.A. and Weiss, E.P. (2013). Acute sodium bicarbonate loading has
negligible effects on resting and exercise blood pressure but causes gastrointestinal distress.
Nutrition Research, 33(6), pp.479-486. Available at:

https://doi.org/10.1016/j.nutres.2013.04.009.

Kamber, M., Baume, N., Saugy, M. and Rivier, L. (2001). Nutritional supplements as a source for
positive doping cases? International Journal of Sport Nutrition and Exercise Metabolism,

11(2), pp.258-263. Available at: https://doi.org/10.1123/ijsnem.11.2.258.

Kamimori, G.H., Karyekar, C.S., Otterstetter, R., Cox, D.S., Balkin, T.J., Belenky, G.L., et al. (2002).
The rate of absorption and relative bioavailability of caffeine administered in chewing gum
versus capsules to normal healthy volunteers. International Journal of Pharmaceutics, 234(1-

2), pp.159-167. Available at: https://doi.org/10.1016/s0378-5173(01)00958-9.

Kasper, A.M., Sparks, S.A., Hooks, M., Skeer, M., Webb, B., Nia, H., et al. (2020). High prevalence
of cannabidiol use within male professional Rugby Union and League players: a quest for
pain relief and enhanced recovery. International Journal of Sport Nutrition and Exercise

Metabolism, 30(5), pp.315-322. Available at: https://doi.org/10.1123/ijsnem.2020-0151.

Kelly, A.L., Erickson, K., Pierce, S. and Turnnidge, J. (2020). Youth sport and COVID-19:
contextual, methodological, and practical considerations. Frontiers in Sports and Active

Living, 2, pp.584252. Available at: https://doi.org/10.3389/fspor.2020.584252.

Kjendlie, P.L., Ingjer, F., Stallman, R.K. and Stray-Gundersen, J. (2004). Factors affecting swimming
economy in children and adults. European Journal of Applied Physiology, 93(1-2), pp.65-74.

Available at: https://doi.org/10.1007/s00421-004-1164-8.

Knechtle, B., Bragazzi, N.L., Konig, S., Nikolaidis, P.T., Wild, S., Rosemann, T., et al. (2016). The
age in swimming of champions in World Championships (1994-2013) and Olympic Games
(1992-2012): a cross-sectional data analysis. Sports, 4(1), pp.17. Available at:

https://doi.org/10.3390/sports4010017.

267


https://doi.org/10.1016/j.nutres.2013.04.009
https://doi.org/10.1123/ijsnem.11.2.258
https://doi.org/10.1016/s0378-5173(01)00958-9
https://doi.org/10.1123/ijsnem.2020-0151
https://doi.org/10.3389/fspor.2020.584252
https://doi.org/10.1007/s00421-004-1164-8
https://doi.org/10.3390/sports4010017

Koo, T.K. and Li, M.Y. (2016). A guideline of selecting and reporting intraclass correlation
coefficients for reliability research. Journal of Chiropractic Medicine, 15(2), pp.155-163.

Available at: https://doi.org/10.1016/j.jcm.2016.02.012.

Kumstat, M., Hlinsky, T., Struhér, I. and Thomas, A. (2018). Does sodium citrate cause the same
ergogenic effect as sodium bicarbonate on swimming performance? Journal of Human

Kinetics, 65, pp.89-98. Available at: https://doi.org/10.2478/hukin-2018-0022.

Kuriyan, R. (2018). Body composition techniques. The Indian Journal of Medical Research, 148(5),

pp.648-658. Available at: https://doi.org/10.4103/ijmr.lJJMR_1777_18.

Lakens, D. (2013). Calculating and reporting effect sizes to facilitate cumulative science: a practical
primer for t-tests and ANOVAs. Frontiers in Psychology, 4, pp.863. Available at:

https://doi.org/10.3389/fpsyq.2013.00863.

Lakens, D. (2022). Sample size justification. Collabra: Psychology, 8(1), pp.33267. Available at:

https://doi.org/10.1525/collabra.33267.

Lamb, D.R., Rinehardt, K.F., Bartels, R.L., Sherman, W.M. and Snook, J.T. (1990). Dietary
carbohydrate and intensity of interval swim training. The American Journal of Clinical

Nutrition, 52(6), pp.1058-1063. Available at: https://doi.org/10.1093/ajcn/52.6.1058.

Lancha Junior, A.H., de Salles Painelli, V., Saunders, B. and Artioli, G.G. (2015). Nutritional
strategies to modulate intracellular and extracellular buffering capacity during high-intensity

exercise. Sports Medicine, 45(1), pp.S71-S81. Available at: https://doi.org/10.1007/s40279-

015-0397-5.

Langan-Evans, C., Hearris, M. A., McQuilliam, S., Burke, L. M., Stellingwerff, T., Elliott-Sale, K. J.,
et al. (2023). Hormonal contraceptive use, menstrual cycle characteristics and
training/nutrition related profiles of elite, sub-elite and amateur athletes and exercisers: one
size is unlikely to fit all. International Journal of Sports Science and Coaching,

pp.17479541231163088. Available at: https://doi.org/10.1177/17479541231163088.

268


https://doi.org/10.1016/j.jcm.2016.02.012
https://doi.org/10.2478/hukin-2018-0022
https://doi.org/10.4103/ijmr.IJMR_1777_18
https://doi.org/10.3389/fpsyg.2013.00863
https://doi.org/10.1525/collabra.33267
https://doi.org/10.1093/ajcn/52.6.1058
https://doi.org/10.1007/s40279-015-0397-5
https://doi.org/10.1007/s40279-015-0397-5
https://doi.org/10.1177/17479541231163088

Lara, B., Gutiérrez-Hellin, J., Garcia-Bataller, A., Rodriguez-Fernandez, P., Romero-Moraleda, B.
and Del Coso, J. (2020a). Ergogenic effects of caffeine on peak aerobic cycling power during
the menstrual cycle. European Journal of Nutrition, 59, pp.2525-2534. Available at:

https://doi.org/10.1007/s00394-019-02100-7.

Lara, B., Gutiérrez Hellin, J., Ruiz-Moreno, C., Romero-Moraleda, B. and Del Coso, J. (2020Db).
Acute caffeine intake increases performance in the 15-s Wingate test during the menstrual
cycle. British  Journal of Clinical Pharmacology, 86(4), pp.745-752. Available at:

https://doi.org/10.1111/bcp.14175.

Lara, B., Ruiz-Vicente, D., Areces, F., Abian-Vicén, J., Salinero, J.J., Gonzalez-Millan, C., et al.
(2015). Acute consumption of a caffeinated energy drink enhances aspects of performance in
sprint swimmers. British Journal of Nutrition, 114(6), pp.908-914. Available at:

https://doi.org/10.1017/S0007114515002573.

Larkin, E.K., Gebretsadik, T., Koestner, N., Newman, M.S., Liu, Z., Carroll, K.N., et al. (2011).
Agreement of blood spot card measurements of vitamin D levels with serum, whole blood
specimen types and a dietary recall instrument. PLoS One, 6(1), pp.e16602. Available at:

https://doi.org/10.1371/journal.pone.0016602.

Laursen, P.B., Rhodes, E.C., Langill, R.H., McKenzie, D.C. and Taunton, J.E. (2002). Relationship of
exercise test variables to cycling performance in an Ironman triathlon. European Journal of

Applied Physiology, 87(4-5), pp.433-440. Available at: https://doi.org/10.1007/s00421-002-

0659-4.

Leitch, B.A., Wilson, P.B., Ufholz, K.E., Roemmich, J.N., Orysiak, J., Walch, T.J., et al. (2021).
Vitamin D awareness and intake in collegiate athletes. Journal of Strength and Conditioning
Research, 35(10), pp.2742-2748. Available at:

https://doi.org/10.1519/JSC.0000000000003240.

Lemon, P.W. (1998). Effects of exercise on dietary protein requirements. International Journal of

Sport Nutrition, 8(4), pp.426-447. Available at: https://doi.org/10.1123/ijsn.8.4.426.

269


https://doi.org/10.1007/s00394-019-02100-7
https://doi.org/10.1111/bcp.14175
https://doi.org/10.1017/S0007114515002573
https://doi.org/10.1371/journal.pone.0016602
https://doi.org/10.1007/s00421-002-0659-4
https://doi.org/10.1007/s00421-002-0659-4
https://doi.org/10.1519/JSC.0000000000003240
https://doi.org/10.1123/ijsn.8.4.426

Lewis, R.D., Laing, E.M., Hill Gallant, K.M., Hall, D.B., McCabe, G.P., Hausman, D.B., et al.
(2013a). A randomized trial of vitamin Ds supplementation in children: dose-response effects
on vitamin D metabolites and calcium absorption. The Journal of Clinical Endocrinology and

Metabolism, 98(12), pp.4816-4825. Available at: https://doi.org/10.1210/jc.2013-2728.

Lewis, R.M., Redzic, M. and Thomas, D.T. (2013b). The effects of season-long vitamin D
supplementation on collegiate swimmers and divers. International Journal of Sport Nutrition
and Exercise Metabolism, 23(5), pp.431-440. Available at:

https://doi.org/10.1123/ijsnem.23.5.431.

Lindh, A.M., Peyrebrune, M.C., Ingham, S.A., Bailey, D.M. and Folland, J.P. (2008). Sodium
bicarbonate improves swimming performance. International Journal of Sports Medicine,

29(6), pp.519-523. Available at: https://doi.org/10.1055/s-2007-989228.

Lips, P. (2012). Interaction between vitamin D and calcium. Scandinavian Journal of Clinical and
Laboratory Investigation, 72(243), pp.60—64. Available at:

https://doi.org/10.3109/00365513.2012.681960.

Lloyd, P. (2004). Strong ion calculator — a practical bedside application of modern quantitative acid-

base physiology. Critical Care and Resuscitation, 6(4), pp.285-294.

Logue, D., Madigan, S.M., Delahunt, E., Heinen, M., McDonnell, S.J. and Corish, C.A. (2018). Low
energy availability in athletes: a review of prevalence, dietary patterns, physiological health,
and sports performance. Sports Medicine, 48, pp.73-96. Available at:

https://doi.org/10.1007/s40279-017-0790-3.

Lowings, S., Shannon, O.M., Deighton, K., Matu, J. and Barlow, M.J. (2017). Effect of dietary nitrate
supplementation on swimming performance in trained swimmers. International Journal of
Sport Nutrition and Exercise Metabolism, 27(4), pp.377-384. Available at:

https://doi.org/10.1123/ijsnem.2016-0251.

Lihker, O., Berger, M.M., Pohlmann, A., Hotz, L., Gruhlke, T. and Hochreiter, M. (2017). Changes

in acid-base and ion balance during exercise in normoxia and hormobaric hypoxia. European

270


https://doi.org/10.1210/jc.2013-2728
https://doi.org/10.1123/ijsnem.23.5.431
https://doi.org/10.1055/s-2007-989228
https://doi.org/10.3109/00365513.2012.681960
https://doi.org/10.1007/s40279-017-0790-3
https://doi.org/10.1123/ijsnem.2016-0251
https://pubmed.ncbi.nlm.nih.gov/?term=L%C3%BChker+O&cauthor_id=28914359

Journal  of  Applied  Physiology, 117(11), pp.2251-2261. Available at:

https://doi.org/10.1007/s00421-017-3712-z.

Lukaski, H.C. (2004). Vitamin and mineral status: effects on physical performance. Nutrition, 20(7—

8), pp.632-644. Available at: https://doi.org/10.1016/].nut.2004.04.001.

Lukaski, H.C., Hoverson, B.S., Milne, D.B. and Bolonchuk, W.W. (1989). Copper, zinc, and iron
status of female swimmers. Nutrition Research, 9(5), pp.493-502. Available at:

https://doi.org/10.106/S0271-5317(89)80174-5.

Lukaski, H.C., Hoverson, B.S., Gallagher, S.K. and Bolonchuk, W.W. (1990). Physical training and
copper, iron, and zinc status of swimmers. The American Journal of Clinical Nutrition, 51(6),

pp.1093-1099. Available at: https://doi.org/10.1093/ajcn/51.6.1093.

Lukaski, H.C., Siders, W.A., Hoverson, B.S. and Gallagher, S.K. (1996). Iron, copper, magnesium
and zinc status as predictors of swimming performance. International Journal of Sports

Medicine, 17(7), pp.535-540. Available at: https://doi.org/10.1055/s-2007-972891.

Maclntosh, B.R. and Wright, B.M. (1996). Caffeine ingestion and performance of a 1,500-metre
swim. Canadian Journal of Applied Physiology, 20(2), pp.168-177. Available at:

https://doi.org/10.1139/h95-012.

Magkos, F. and Yannakoulia, M. (2003). Methodology of dietary assessment in athletes: concepts and
pitfalls. Current Opinion in Clinical Nutrition and Metabolic Care, 6(5), pp.539-549.

Available at: https://doi.org/10.1097/00075197-200309000-00007.

Mahase, E. (2021). Covid-19: what new variants are emerging and how are they being investigated?

BMJ, 372, pp.n158. Available at: https://doi.org/10.1136/bmj.n158.

Maich, K.H.G., Lachowski, A.M. and Carney, C.E. (2018). Psychometric properties of the Consensus
Sleep Diary in those with insomnia disorder. Behavioral Sleep Medicine, 16(2), pp.117-134.

Available at: https://doi.org/10.1080/15402002.2016.1173556.

271


https://doi.org/10.1007/s00421-017-3712-z
https://doi.org/10.1016/j.nut.2004.04.001
https://doi.org/10.106/S0271-5317(89)80174-5
https://doi.org/10.1093/ajcn/51.6.1093
https://doi.org/10.1055/s-2007-972891
https://doi.org/10.1139/h95-012
https://doi.org/10.1097/00075197-200309000-00007
https://doi.org/10.1136/bmj.n158
https://doi.org/10.1080/15402002.2016.1173556

Mainwood, G.W. and Worsley-Brown, P. (1975). The effects of extracellular pH and buffer
concentration on the efflux of lactate from frog sartorius muscle. The Journal of Physiology,

250(1), pp.1-22. Available at: https://doi.org/10.1113/jphysiol.1975.sp011040.

Man, P.W., Heijboer, A.C., van der Meer, .M., Lin, W., Numans, M.E., Lips, P., et al. (2019).
Agreement between measurement of 25-hydroxyvitamin D in dried blood spot samples and
serum in a Chinese population in the Netherlands. The Journal of Steroid Biochemistry and
Molecular Biology, 195, pp.105472. Available at:

https://doi.org/10.1016/j.jsbmb.2019.105472.

Marcinowska-Suchowierska, E., Kupisz-Urbanska, M., Lukaszkiewicz, J., Ptudowski, P. and Jones G.
(2018). Vitamin D toxicity — a clinical perspective. Frontiers in Endocrinology, 9, pp.550.

Available at: https://doi.org/10.3389/fend0.2018.00550.

Martinez, L.R. and Haymes, E.M. (1992). Substrate utilization during treadmill running in prepubertal

girls and women. Medicine and Science in Sports and Exercise, 24(9), pp.975-983.

Martinez, S., Pasquarelli, B.N., Romaguera, D., Arasa, C., Tauler, P. and Aguil6, A. (2011).
Anthropometric characteristics and nutritional profile of young amateur swimmers. The
Journal of Strength and Conditioning Research, 25(4), pp.1126-1133. Awvailable at:

https://doi.org/10.1519/JSC.0b013e3181d4d3df.

Martinez-Sanz, J.M., Sospedra, 1., Ortiz, C.M., Baladia, E., Gil-lzquierdo, A. and Ortiz-Moncada, R.
(2017) Intended or unintended doping? A review of the presence of doping substances in
dietary supplements wused in sports. Nutrients, 9(10), pp.1093. Available at:

https://doi.org/10.3390/nu9101093.

Matsuda, T., Kato, H., Suzuki, H., Mizugaki, A., Ezaki, T. and Ogita, F. (2018). Within-day amino
acid intakes and nitrogen balance in male collegiate swimmers during the general preparation

phase. Nutrients, 10(11), pp.1809. Available at: https://doi.org/10.3390/nu10111809.

Maughan, R.J., Burke, L.M., Dvorak, J., Larson-Meyer, D.E., Peeling, P., Phillips, S.M., et al. (2018).

IOC consensus  statement:  dietary  supplements and the high-performance

272


https://doi.org/10.1113/jphysiol.1975.sp011040
https://doi.org/10.1016/j.jsbmb.2019.105472
https://doi.org/10.3389/fendo.2018.00550
https://doi.org/10.1519/JSC.0b013e3181d4d3df
https://doi.org/10.3390/nu9101093
https://doi.org/10.3390/nu10111809

athlete. International Journal of Sport Nutrition and Exercise Metabolism, 28(2), pp.104-125.

Available at: https://doi.org/10.1123/ijsnem.2018-0200.

Maughan, R.J., Depiesse, F. and Geyer, H. (2007). The use of dietary supplements by athletes.
Journal of Sports Sciences, 25(1), pp.S103-S113. Available at:

https://doi.org/10.1080/02640410701607395.

Mazahery, H. and von Hurst, P.R. (2015). Factors affecting 25-hydroxyvitamin D concentration in
response to vitamin D supplementation. Nutrients, 7(7), pp.5111-5142. Available at:

https://doi.org/10.3390/nu7075111.

Mazzulla, M., Volterman, K.A., Packer, J.E., Wooding, D.J., Brooks, J.C., Kato, H., et al. (2018).
Whole-body net protein balance plateaus in response to increasing protein intakes during
post-exercise recovery in adults and adolescents. Nutrition and Metabolism, 15, pp.62.

Available at: https://doi.org/10.1186/s12986-018-0301-z.

McClung, M. and Collins, D. (2007). "Because | know it will!": placebo effects of an ergogenic aid
on athletic performance. Journal of Sport and Exercise Psychology, 29(3), pp.382-394.

Available at: https://doi.org/10.1123/jsep.29.3.382.

McConell, G.K., Bradley, S.J., Stephens, T.J., Canny, B.J., Kingwell, B.A. and Lee-Young, R.S.
(2007). Skeletal muscle nNOS mu protein content is increased by exercise training in humans.
American Journal of Physiology-Regulatory, Integrative and Comparative Physiology,

293(2), pp.R821-R828. Available at: https://doi.org/10.1152/ajprequ.00796.2006.

McKay, A.K.A., Stellingwerff, T., Smith, E.S., Martin, D.T., Mujika, ., Goosey-Tolfrey, V.L., et al.
(2021). Defining training and performance caliber: a participant classification framework.
International Journal of Sports Physiology and Performance, 17(2), pp.317-331. Available

at: https://doi.org/10.1123/ijspp.2021-0451.

McNaughton, L.R. (1992a). Bicarbonate ingestion: effects of dosage on 60 s cycle ergometry. Journal
of Sports Sciences, 10(5), pp.415-423. Available at:

https://doi.org/10.1080/02640419208729940.

273


https://doi.org/10.1123/ijsnem.2018-0200
https://doi.org/10.1080/02640410701607395
https://doi.org/10.3390/nu7075111
https://doi.org/10.1186/s12986-018-0301-z
https://doi.org/10.1123/jsep.29.3.382
https://doi.org/10.1152/ajpregu.00796.2006
https://doi.org/10.1123/ijspp.2021-0451
https://doi.org/10.1080/02640419208729940

McNaughton, L.R. (1992b). Sodium bicarbonate ingestion and its effects on anaerobic exercise of
various durations. Journal of Sports Sciences, 10(5), pp.425-435. Available at:

https://doi.org/10.1080/02640419208729941.

McNaughton, L.R., Gough, L., Deb, S., Bentley, D. and Sparks, S.A. (2016). Recent developments in
the use of sodium bicarbonate as an ergogenic aid. Current Sports Medicine Reports, 15(4),

pp.233-244. Available at: https://doi.org/10.1249/JSR.0000000000000283.

McNeal, C.J., Meininger, C.J., Wilborn, C.D., Tekwe, C.D. and Wu, G. (2018). Safety of dietary
supplementation with arginine in adult humans. Amino Acids, 50(9), pp.1215-1229. Available

at: https://doi.org/10.1007/s00726-018-2594-7.

McNulty, K. L., Elliott-Sale, K. J., Dolan, E., Swinton, P. A., Ansdell, P., Goodall, S., et al. (2020).
The effects of menstrual cycle phase on exercise performance in eumenorrheic women: a
systematic review and meta-analysis. Sports Medicine, 50, pp.1813-1827. Available at:

https://doi.org/10.1007/s40279-020-01319-3.

Meeusen, R. and Decroix, L. (2018). Nutritional supplements and the brain. International Journal of
Sport Nutrition and Exercise Metabolism, 28(2), pp.200-211. Available at:

https://doi.org/10.1123/ijsnem.2017-0314.

Merchant, H.A., Liu, F., Orlu Gul, M. and Basit, AW. (2016). Age-mediated changes in the
gastrointestinal tract. International Journal of Pharmaceutics, 512(2), pp.382—395. Available

at: https://doi.org/10.1016/j.ijpharm.2016.04.024.

Mero, A.A., Hirvonen, P., Saarela, J., Hulmi, J.J., Hoffman, J.R. and Stout, J.R. (2013). Effect of
sodium bicarbonate and beta-alanine supplementation on maximal sprint swimming. Journal
of the International Society of Sports Nutrition, 10(1), pp.52. Available at:

https://doi.org/10.1186/1550-2783-10-52.

Metheny, N. A. and Krieger, M. M. (2020). Salt toxicity: a systematic review and case
reports. Journal of Emergency Nursing, 46(4), pp.428-439. Available at:

https://doi.org/10.1016/j.jen.2020.02.011.

274


https://doi.org/10.1080/02640419208729941
https://doi.org/10.1249/JSR.0000000000000283
https://doi.org/10.1007/s00726-018-2594-7
https://doi.org/10.1007/s40279-020-01319-3
https://doi.org/10.1123/ijsnem.2017-0314
https://doi.org/10.1016/j.ijpharm.2016.04.024
https://doi.org/10.1186/1550-2783-10-52
https://doi.org/10.1016/j.jen.2020.02.011

Mettler, S., Lehner, G. and Morgan, G. (2022). Widespread supplement intake and use of poor quality
information in elite adolescent Swiss athletes. International Journal of Sport Nutrition and

Exercise Metabolism, 32(1), pp.41-48. Available at: https://doi.org/10.1123/ijsnem.2021-

0043.

Mettler, S. and Zimmermann, M.B. (2010). Iron excess in recreational marathon runners. European
Journal of Clinical Nutrition, 64(5), pp.490-494. Available at:

https://doi.org/10.1038/ejcn.2010.16.

Meyer, F., O'Connor, H. and Shirreffs, S.M. (2007). Nutrition for the young athlete. Journal of Sports

Sciences, 25(1), pp.S73-S82. Available at: https://doi.org/10.1080/02640410701607338.

Michie, S. and Johnston, M. (2012). Theories and techniques of behaviour change: developing a
cumulative science of behaviour change. Health Psychology Review, 6(1), pp.1-6. Available

at: https://doi.org/10.1080/17437199.2012.654964.

Middlebrook, I., Peacock, J., Tinnion, D.J., Leach, N.K., Hilton, N.P., Saunders, B., et al. (2021).
Capsule size alters the timing of metabolic alkalosis following sodium bicarbonate
supplementation. Frontiers  in Nutrition, 8, pp.634465.  Available  at:

https://doi.org/10.3389/fnut.2021.634465.

Miller, P., Robinson, A.L., Sparks, S.A., Bridge, C.A., Bentley, D.J. and McNaughton, L.R. (2016).
The effects of novel ingestion of sodium bicarbonate on repeated sprint ability. Journal of
Strength and  Conditioning  Research, 30(2), pp.561-568. Available at:

https://doi.org/10.1519/JSC.0000000000001126.

Mizugaki, A., Kato, H., Suzuki, H., Kurihara, H. and Ogita, F. (2021). Nutritional practice and
nitrogen balance in elite Japanese swimmers during a training camp. Sports, 9(2), pp.17.

Available at: https://doi.org/10.3390/sports9020017.

Modin, A., Bjorne, H., Herulf, M., Alving, K., Weitzberg, E. and Lundberg, J.O. (2001). Nitrite-

derived nitric oxide: a possible mediator of ‘acidic-metabolic' vasodilation. Acta Physiologica

275


https://doi.org/10.1123/ijsnem.2021-0043
https://doi.org/10.1123/ijsnem.2021-0043
https://doi.org/10.1038/ejcn.2010.16
https://doi.org/10.1080/02640410701607338
https://doi.org/10.1080/17437199.2012.654964
https://doi.org/10.3389/fnut.2021.634465
https://doi.org/10.1519/JSC.0000000000001126
https://doi.org/10.3390/sports9020017

Scandinavica,  171(1), pp.9-16. Available at:  https://doi.org/10.1046/].1365-

201X.2001.00771.x.

Moinard, C., Nicolis, I., Neveux, N., Darquy, S., Bénazeth, S. and Cynober, L. (2008). Dose-ranging
effects of citrulline administration on plasma amino acids and hormonal patterns in healthy
subjects: the Citrudose pharmacokinetic study. British Journal of Nutrition, 99(4), pp.855—

862. Available at: https://doi.org/10.1017/S0007114507841110.

Moncada, S. and Higgs, A. (1993). The L-arginine-nitric oxide pathway. New England Journal of
Medicine, 329(27), pp.2002-2012. Available at:

https://doi.org/10.1056/NEJM199312303292706.

Monteiro, D., Cid, L., Marinho, D.A., Moutdo, J., Vitorino, A. and Bento, T. (2017). Determinants
and reasons for dropout in swimming — systematic review. Sports, 5(3), pp.50. Available at:

https://doi.org/10.3390/sports5030050.

Montenegro, K.R., Schneider, C.D., Trindade, C.D.Z., de Souza Castro, F.A. and Baroni, B.M.
(2017). Dietary intake in high-level swimmers. A 32-week prospective cohort study. Motriz:

Revista de Educacéo Fisica, 23(3), pp.e101745. Available at: https://doi.org/10.1590/S1980-

6574201700030021.

Moore, J., Barlow, D., Jewell, D. and Kennedy, S. (1998). Do gastrointestinal symptoms vary with the
menstrual cycle?.BJOG: An International Journal of Obstetrics and Gynaecology, 105(12),

pp.1322-1325. Available at: https://doi.org/10.1111/].1471-0528.1998.tb10014.x.

Moore, D.R., Camera, D.M., Areta, J.L. and Hawley, J.A. (2014). Beyond muscle hypertrophy: why
dietary protein is important for endurance athletes. Applied Physiology, Nutrition, and

Metabolism, 39(9), pp.987-997. Available at: https://doi.org/10.1139/apnm-2013-0591.

Mora-Rodriguez, R. and Hamouti, N. (2012). Salt and fluid loading: effects on blood volume and
exercise performance. Acute Topics in Sport Nutrition, 59, pp.113-119. Available at:

https://doi.org/10.1159/000341945.

276


https://doi.org/10.1046/j.1365-201X.2001.00771.x
https://doi.org/10.1046/j.1365-201X.2001.00771.x
https://doi.org/10.1017/S0007114507841110
https://doi.org/10.1056/NEJM199312303292706
https://doi.org/10.3390/sports5030050
https://doi.org/10.1590/S1980-6574201700030021
https://doi.org/10.1590/S1980-6574201700030021
https://doi.org/10.1111/j.1471-0528.1998.tb10014.x
https://doi.org/10.1139/apnm-2013-0591
https://doi.org/10.1159/000341945

Moreno, B., Morencos, E., Vicente-Campos, D., Mufioz, A., Gonzélez-Garcia, J. and Veiga, S.
(2023). Effects of beetroot juice intake on repeated performance of competitive swimmers.
Frontiers in Physiology, 13, pp.1076295. Available at:

https://doi.org/10.3389/fphys.2022.1076295.

Moreno, B., Veiga, S., Sanchez-Oliver, A.J., Dominguez, R. and Morencos, E. (2022). Analysis of
sport supplement consumption by competitive swimmers according to sex and competitive

level. Nutrients, 14(15), pp.3218. Available at; https://doi.org/10.3390/nu14153218.

Mountjoy, M., Sundgot-Borgen, J., Burke, L., Ackerman, K.E., Blauwet, C., Constantini, N., et al.
(2018). International Olympic Committee (IOC) consensus statement on relative energy
deficiency in sport (RED-S): 2018 update. International Journal of Sport Nutrition and

Exercise Metabolism, 28(4), pp.316-331. Available at: https://doi.org/10.1123/ijsnem.2018-

0136.

Mueller, S.M., Gehrig, S.M., Frese, S., Wagner, C.A., Boutellier, U. and Toigo, M. (2013). Multiday
acute sodium bicarbonate intake improves endurance capacity and reduces acidosis in men.
Journal of the International Society of Sports Nutrition, 10(1), pp.16. Available at:

https://doi.org/10.1186/1550-2783-10-16.

Mujika, 1., Stellingwerff, T. and Tipton, K. (2014). Nutrition and training adaptations in aquatic
sports. International Journal of Sport Nutrition and Exercise Metabolism, 24(4), pp.414-424.

Available at: https://doi.org/10.1123/ijsnem.2014-0033.

Myers, T.A. (2011). Goodbye, listwise deletion: presenting hot deck imputation as an easy and
effective tool for handling missing data. Communication Methods and Measures, 5(4),

pp.297-310. Available at: https://doi.org/10.1080/19312458.2011.624490.

New Zealand Government. (2022). History of the COVID-19 alert system. Available at:

https://www.covid19.govt.nz/about-our-covid-19-response/history-of-the-covid-19-alert-

system [Accessed 16 April 2023].

277


https://doi.org/10.3389/fphys.2022.1076295
https://doi.org/10.3390/nu14153218
https://doi.org/10.1123/ijsnem.2018-0136
https://doi.org/10.1123/ijsnem.2018-0136
https://doi.org/10.1186/1550-2783-10-16
https://doi.org/10.1123/ijsnem.2014-0033
https://doi.org/10.1080/19312458.2011.624490
https://www.covid19.govt.nz/about-our-covid-19-response/history-of-the-covid-19-alert-system
https://www.covid19.govt.nz/about-our-covid-19-response/history-of-the-covid-19-alert-system

Nevill, M.E., Boobis, L.H., Brooks, S. and Williams, C. (1989). Effect of training on muscle
metabolism during treadmill sprinting. Journal of Applied Physiology, 67(6), pp.2376-2382.

Available at: https://doi.org/10.1152/jappl.1989.67.6.2376.

Noland, R.C., Baker, J.T., Boudreau, S.R., Kobe, R.W., Tanner, C.J., Hickner, R.C., et al. (2001).
Effect of intense training on plasma leptin in male and female swimmers. Medicine & Science

in Sports & Exercise, 33(2), pp.227-231. Available at: https://doi.org/10.1097/00005768-

200102000-00009.

Norberto, M.S., Barbieri, R.A., Bertucci, D.R., Gobbi, R.B., Campos, E.Z., Zagatto, A.M., et al.
(2020). Beta alanine supplementation effects on metabolic contribution and swimming
performance. Journal of International Society of Sports Nutrition, 17(1), pp.40. Available at:

https://doi.org/10.1186/s12970-020-00365-6.

Norris, S.A., Frongillo, E.A., Black, M.M., Dong, Y., Fall, C., Lampl, M., et al. (2022). Nutrition in
adolescent growth and development. Lancet, 399(10320), pp.172-184. Available at:

https://doi.org/10.1016/S0140-6736(21)01590-7.

Nystrém, C.D., Forsum, E., Henriksson, H., Trolle-Lagerros, Y., Larsson, C., Maddison, R., et al.
(2016). A mobile phone based method to assess energy and food intake in young children: a
validation study against the doubly labelled water method and 24 h dietary recalls. Nutrients,

8(1), 50. Available at: https://doi.org/10.3390/nu8010050.

Ousley-Pahnke, L., Black, D.R. and Gretebeck, R.J. (2001). Dietary intake and energy expenditure of
female collegiate swimmers during decreased training prior to competition. Journal of the
American Dietetic Association, 101(3), pp.351-354. Available at:

https://doi.org/10.1016/S0002-8223(01)00091-8.

Outram, S. and Stewart, B. (2015). Doping through supplement use: a review of the available
empirical data. International Journal of Sport Nutrition and Exercise Metabolism, 25(1),

pp.54-59. Available at: https://doi.org/10.1123/ijsnem.2013-0174.

278


https://doi.org/10.1152/jappl.1989.67.6.2376
https://doi.org/10.1097/00005768-200102000-00009
https://doi.org/10.1097/00005768-200102000-00009
https://doi.org/10.1186/s12970-020-00365-6
https://doi.org/10.1016/S0140-6736(21)01590-7
https://doi.org/10.3390/nu8010050
https://doi.org/10.1016/S0002-8223(01)00091-8
https://doi.org/10.1123/ijsnem.2013-0174

Owens, D.J., Allison, R. and Close, G.L. (2018). Vitamin D and the athlete: current perspectives and
new challenges. Sports Medicine, 48(1), pp.3-16. Available at:

https://doi.org/10.1007/s40279-017-0841-9.

Papadia, C., Osowska, S., Cynober, L. and Forbes, A. (2018). Citrulline in health and disease. Review
on human studies. Clinical Nutrition, 37(6), pp.1823-1828. Available at:

https://doi.org/10.1016/j.clnu.2017.10.009.

Parnell, J.A., Wiens, K.P. and Erdman, K.A. (2016). Dietary intakes and supplement use in pre-
adolescent and adolescent Canadian athletes. Nutrients, 8(9), pp.526. Awvailable at:

https://doi.org/10.3390/nu8090526.

Parr, M.K., Geyer, H., Hoffmann, B., Kohler, K., Mareck, U. and Schanzer, W. (2007). High amounts
of 17-methylated anabolic-androgenic steroids in effervescent tablets on the dietary
supplement market. Biomedical Chromatography., 21(2), pp.164-168. Available at:

https://doi.org/10.1002/bmc.728.

Paschoal, V.C.P. and Amancio, O.M.S. (2004). Nutritional status of Brazilian elite
swimmers. International Journal of Sport Nutrition and Exercise Metabolism, 14(1), pp.81-

94. Available at: https://doi.org/10.1123/ijsnem.14.1.81.

Pasman, W.J., van Baak, M.A., Jeukendrup, A.E. and de Haan, A. (1995). The effect of different
dosages of caffeine on endurance performance time. International Journal of Sports

Medicine, 16(4), pp.225-230. Available at: https://doi.org/10.1055/s-2007-972996.

Pedlar, C.R., Brugnara, C., Bruinvels, G. and Burden, R. (2018). Iron balance and iron
supplementation for the female athlete: a practical approach. European Journal of Sport

Science, 18(2), pp.295-305. Available at: https://doi.org/10.1080/17461391.2017.1416178.

Pérez-Guisado, J. and Jakeman, P.M. (2010). Citrulline malate enhances athletic anaerobic
performance and relieves muscle soreness. Journal of Strength and Conditioning Research,

24(5), pp.1215-1222. Available at: https://doi.org/10.1519/JSC.0b013e3181cbh28e0.

279


https://doi.org/10.1007/s40279-017-0841-9
https://doi.org/10.1016/j.clnu.2017.10.009
https://doi.org/10.3390/nu8090526
https://doi.org/10.1002/bmc.728
https://doi.org/10.1123/ijsnem.14.1.81
https://doi.org/10.1055/s-2007-972996
https://doi.org/10.1080/17461391.2017.1416178
https://doi.org/10.1519/JSC.0b013e3181cb28e0

Petersen, H.L., Peterson, C.T., Reddy, M.B., Hanson, K.B., Swain, J.H., Sharp, R.L., et al. (2006).
Body composition, dietary intake, and iron status of female collegiate swimmers and
divers. International Journal of Sport Nutrition and Exercise Metabolism, 16(3), pp.281-295.

Available at: https://doi.org/10.1123/ijsnem.16.3.281.

Petrie, H.J., Stover, E.A. and Horswill, C.A. (2004) Nutritional concerns for the child and adolescent
competitor. Nutrition, 20(7-8), pp.620-631. Available at:

https://doi.org/10.1016/j.nut.2004.04.002.

Petroczi, A., Naughton, D.P., Pearce, G., Bailey, R., Bloodworth, A. and McNamee, M. (2008).
Nutritional supplement use by elite young UK athletes: fallacies of advice regarding efficacy.
Journal of the International Society of Sports Nutrition, 5, pp.22. Available at:

https://doi.org/10.1186/1550-2783-5-22.

Peyrebrune, M.C., Stokes, K., Hall, G.M. and Nevill, M.E. (2005). Effect of creatine supplementation
on training for competition in elite swimmers. Medicine and Science in Sports and Exercise,

37(12), pp.2140-2147. Available at: https://doi.org/10.1249/01.mss.0000179101.38913.73.

Philippou, E., Middleton, N., Pistos, C., Andreou, E. and Petrou, M. (2017). The impact of nutrition
education on nutrition knowledge and adherence to the Mediterranean Diet in adolescent
competitive swimmers. Journal of Science and Medicine in Sport, 20(4), pp.328-332.

Available at: https://doi.org/10.1016/j.jsams.2016.08.023.

Pickering, C. and Grgic, J. (2019). Caffeine and exercise: what next? Sports Medicine, 49(7),

pp.1007-1030. Available at: https://doi.org/10.1007/s40279-019-01101-0.

Pickering, C. and Kiely, J. (2019a). Are low doses of caffeine as ergogenic as higher doses? A critical
review highlighting the need for comparison with current best practice in caffeine research.

Nutrition, 67, pp.110535. Available at: https://doi.org/10.1016/j.nut.2019.06.016.

Pickering, C. and Kiely, J. (2019b). What should we do about habitual caffeine use in athletes? Sports

Medicine, 49(6), pp.833-842. Available at: https://doi.org/10.1007/s40279-018-0980-7.

280


https://doi.org/10.1123/ijsnem.16.3.281
https://doi.org/10.1016/j.nut.2004.04.002
https://doi.org/10.1186/1550-2783-5-22
https://doi.org/10.1249/01.mss.0000179101.38913.73
https://doi.org/10.1016/j.jsams.2016.08.023
https://doi.org/10.1007/s40279-019-01101-0
https://doi.org/10.1016/j.nut.2019.06.016
https://doi.org/10.1007/s40279-018-0980-7

Pierce, E.F., Eastman, N.W., Hammer, W.H. and Lynn, T.D. (1992). Effect of induced alkalosis on
swimming time trials. Journal of Sports Sciences, 10(3), pp.255-259. Available at:

https://doi.org/10.1080/02640419208729924.

Pillay, L., van Rensburg, D.C.C.J., van Rensburg, A.J., Ramagole, D.A., Holtzhausen, L., Dijkstra,
H.P., et al. (2020). Nowhere to hide: the significant impact of coronavirus disease 2019
(COVID-19) measures on elite and semi-elite South African athletes. Journal of Science and
Medicine in Sport, 23(7), pp.670-679. Available at:

https://doi.org/10.1016/j.jsams.2020.05.016.

Pinna, M., Roberto, S., Milia, R., Marongiu, E., Olla, S., Loi, A., et al. (2014). Effect of beetroot juice
supplementation on aerobic response during swimming. Nutrients, 6(2), pp.605-615.

Available at: https://doi.org/10.3390/nu6020605.

Piras, A., Cortesi, M., Campa, F., Perazzolo, M. and Gatta, G. (2019). Recovery time profiling after
short-, middle- and long-distance swimming performance. Journal of Strength and
Conditioning Research, 33(5), pp.1408-1415. Available at:

https://doi.org/10.1519/JSC.0000000000002066.

Pludowski, P., Holick, M.F., Grant, W.B., Konstantynowicz, J., Mascarenhas, M.R., Hag, A., et al.
(2018). Vitamin D supplementation guidelines. The Journal of Steroid Biochemistry and
Molecular Biology, 175, pp.125-135. Available at:

https://doi.org/10.1016/j.jsbmb.2017.01.021.

Pollock, S., Gaoua, N., Johnston, M.J., Cooke, K., Girard, O. and Mileva KN. (2019). Training
regimes and recovery monitoring practices of elite British swimmers. Journal of Sports

Science and Medicine, 18(3), pp.577-585.

Price, M.J. and Singh, M. (2008). Time course of blood bicarbonate and pH three hours after sodium
bicarbonate ingestion. International Journal of Sports Physiology and Performance, 3(2),

pp.240-242. Available at: https://doi.org/10.1123/ijspp.3.2.240.

281


https://doi.org/10.1080/02640419208729924
https://doi.org/10.1016/j.jsams.2020.05.016
https://doi.org/10.3390/nu6020605
https://doi.org/10.1519/JSC.0000000000002066
https://doi.org/10.1016/j.jsbmb.2017.01.021
https://doi.org/10.1123/ijspp.3.2.240

Pruscino, C.L., Ross, M.L., Gregory, J.R., Savage, B. and Flanagan, T.R. (2008). Effects of sodium
bicarbonate, caffeine, and their combination on repeated 200-m freestyle performance.
International Journal of Sport Nutrition and Exercise Metabolism, 18(2), pp.116-130.

Available at: https://doi.org/10.1123/ijsnem.18.2.116.

Pyne, D.B., Hopkins, W.G., Batterham, A.M., Gleeson, M. and Fricker, P.A. (2005). Characterising
the individual performance responses to mild illness in international swimmers. British
Journal of Sports Medicine, 39(10), pp.752-756. Available at:

https://doi.org/10.1136/bjsm.2004.017475.

Pyne, D.B. and Sharp, R.L. (2014). Physical and energy requirements of competitive swimming
events. International Journal of Sport Nutrition and Exercise Metabolism, 24(4), pp.351-359.

Available at: https://doi.org/10.1123/ijsnem.2014-0047.

Pyne, D.B., Verhagen, E.A. and Mountjoy, M. (2014). Nutrition, illness, and injury in aquatic
sports. International Journal of Sport Nutrition and Exercise Metabolism, 24(4), pp.460—469.

Available at: https://doi.org/10.1123/ijsnem.2014-0008.

Radiometer Medical. (2019). ABL 9 reference manual. Available at: http://www.radiometer.com

[Accessed 22 October 2019].

Ramirez, C.A., Till, K., Beasley, G., Giuliano, P., Leduc, C., Dalton-Barron, N., et al. (2020). Sleep
patterns of elite youth team-sport athletes prior to and during international competition.
Science  and Medicine in Football,  4(1), pp.15-21.  Available  at:

https://doi.org/10.1080/24733938.2019.1662081.

Ramos-Campo, D.J., Pérez, A., Avila-Gandia, V., Pérez-Pifiero, S. and Rubio-Arias, J.A. (2019).
Impact of caffeine intake on 800-m running performance and sleep quality in trained runners.

Nutrients, 11(9), pp.2040. Available at: https://doi.org/10.3390/nu11092040.

Ratel, S., Duche, P., Hennegrave, A., Van Praagh, E. and Bedu, M. (2002). Acid-base balance during
repeated cycling sprints in boys and men. Journal of Applied Physiology, 92(2), pp.479-485.

Available at: https://doi.org/10.1152/japplphysiol.00495.2001.

282


https://doi.org/10.1123/ijsnem.18.2.116
https://doi.org/10.1136/bjsm.2004.017475
https://doi.org/10.1123/ijsnem.2014-0047
https://doi.org/10.1123/ijsnem.2014-0008
http://www.radiometer.com/
https://doi.org/10.1080/24733938.2019.1662081
https://doi.org/10.3390/nu11092040
https://doi.org/10.1152/japplphysiol.00495.2001

Reilly, T. and Woodbridge, V. (1999). Effects of moderate dietary manipulations on swim
performance and on blood lactate-swimming velocity curves. International Journal of Sports

Medicine, 20(2), pp.93-97. Available at: https://doi.org10.1055/s-2007-971099.

Remer, T. (2001). Influence of nutrition on acid-base balance--metabolic aspects. European Journal

of Nutrition, 40(5), pp.214-220. Available at: https://doi.org/10.1007/s394-001-8348-1.

Remer, T. and Manz, F. (1995). Potential renal acid load of foods and its influence on urine pH.
Journal of the American Dietetic Association, 95(7), pp.791-797. Available at:

https://doi.org/10.1016/S0002-8223(95)00219-7.

Rhim, H.C., Kim, S.J., Park, J. and Jang, K.M. (2020). Effect of citrulline on post-exercise rating of
perceived exertion, muscle soreness, and blood lactate levels: a systematic review and meta-
analysis. Journal of Sport and Health Science, 9(6), pp.553-561. Available at:

https://doi.org/10.1016/].jshs.2020.02.003.

Ridley, K., Ainsworth, B.E. and Olds, T.S. (2008). Development of a compendium of energy
expenditures for youth. International Journal of Behavioral Nutrition and Physical Activity,

5(45), pp.1-8. Available at: https://doi.org/10.1186/1479-5868-5-45.

Robey, I.F., Lopez, A.M. and Roe, D.J. (2015). Safety and tolerability of long-term sodium
bicarbonate consumption in cancer care. Journal of Integrative Oncology, 4(128),

pp.1000128. Available at: https://doi.org/10.4172/2329-6771.1000128.

Roberts, C., Gill, N. and Sims, S. (2020). The influence of COVID-19 lockdown restrictions on
perceived nutrition habits in Rugby Union players. Frontiers in Nutrition, 7, pp.589737.

Available at: https://doi.org/10.3389/fhut.2020.589737.

Rockwell, M.S., Frisard, M.l., Rankin, J.W., Zabinsky, J.S., McMillan, R.P., You, W., et al. (2020a).
Effects of seasonal vitamin D3 supplementation on strength, power, and body composition in
college swimmers. International Journal o Sport Nutrition and Exercise Metabolism, 30(2),

pp.165-173. Available at: https://doi.org/10.1123/ijsnem.2019-0250.

283


https://doi.org10.1055/s-2007-971099
https://doi.org/10.1007/s394-001-8348-1
https://doi.org/10.1016/S0002-8223(95)00219-7
https://doi.org/10.1016/j.jshs.2020.02.003
https://doi.org/10.1186/1479-5868-5-45
https://doi.org/10.4172/2329-6771.1000128
https://doi.org/10.3389/fnut.2020.589737
https://doi.org/10.1123/ijsnem.2019-0250

Rockwell, M., Hulver, M. and Eugene, E. (2020b). Vitamin D practice patterns in National Collegiate

Athletic Association Division | collegiate athletics programs. Journal of Athletic Training,

55(1), pp.65-70. Available at: https://doi.org/10.4085/1062-6050-21-19.

Rodriguez, F.A. and Mader, A. (2011). Energy systems in swimming. In: L. Seifert, D. Chollet and I.

Mujika, eds. World Book of Swimming: From Science to Performance. New York: Nova,

Pp.225-240.

Roehrs, T. and Roth, T. (2008). Caffeine: sleep and daytime sleepiness. Sleep Medicine Reviews,

12(2), pp.153-162. Available at: https://doi.org/10.1016/j.smrv.2007.07.004.

Rojas-Valverde, D., Montoya-Rodriguez, J., Azofeifa-Mora, C. and Sanchez-Urena, B. (2021).
Effectiveness of beetroot juice derived nitrates supplementation on fatigue resistance during
repeated-sprints: a systematic review. Critical Reviews in Food Science and Nutrition, 61(20),

pp.3395-3406. Available at: https://doi.org/10.1080/10408398.2020.1798351.

Rose, A.J. (2019). Role of peptide hormones in the adaptation to altered dietary protein intake.

Nutrients, 11(9), pp.1990. Available at: https://doi.org/10.3390/nu11091990.

Ross, A.C., Manson, J.E., Abrams, S.A., Aloia, J.F., Brannon, P.M., Clinton, S.K,, et al. (2011). The
2011 report on dietary reference intakes for calcium and vitamin D from the Institute of
Medicine: what clinicians need to know. The Journal of Clinical Endocrinology and

Metabolism, 96(1), pp.53-58. Available at: https://doi.org/10.1210/jc.2010-2704.

Rowland, T.W., Auchinachie, J.A., Keenan, T.J. and Green G.M. (1987). Physiologic responses to
treadmill running in adult and prepubertal males. International Journal of Sports Medicine,

8(4), pp.292-297. Available at: https://doi.org/10.1055/s-2008-1025672.

Sajber, D., Maric, D., Rodek, J., Sekulic, D. and Liposek, S. (2019). Toward prevention of doping in
youth sport: cross-sectional analysis of correlates of doping tendency in swimming.

International Journal of Environmental Research and Public Health, 16(23), pp.4851.

Available at: https://doi.ora/10.3390/ijerph16234851.

284


https://doi.org/10.4085/1062-6050-21-19
https://doi.org/10.1016/j.smrv.2007.07.004
https://doi.org/10.1080/10408398.2020.1798351
https://doi.org/10.3390/nu11091990
https://doi.org/10.1210/jc.2010-2704
https://doi.org/10.1055/s-2008-1025672
https://doi.org/10.3390/ijerph16234851

Sale, C., Saunders, B., Hudson, S., Wise, J.A., Harris, R.C. and Sunderland, C.D. (2011). Effect of B-
alanine plus sodium bicarbonate on high-intensity cycling capacity. Medicine and Science in
Sports and Exercise, 43(10), pp.1972-1978. Available at:

https://doi.org/10.1249/MSS.0b013e3182188501.

Samet, J.M., Prather, K., Benjamin, G., Lakdawala, S., Lowe, J.M., Reingold, A., et al. (2021).
Airborne transmission of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2):
what we know. Clinical Infectious Diseases, 73(10), pp.1924-1926. Available at:

https://doi.org/10.1093/cid/ciab039.

Sanchez-Oliver, A.J. (2012). Suplementacién nutricional en la actividad fisico-deportiva: analisis de

la calidad del suplemento proteico consumido. Universidad de Granada.

Sands, W.A., McNeal, J.R. and Stone, M.H. (2005). Plaudits and pitfalls in studying elite athletes.
Perceptual and Motor Skills, 100(1), pp.22-24. Available at:

https://doi.org/10.2466/pms.100.1.22-24.

Sargent, C., Halson, S. and Roach, G.D. (2014). Sleep or swim? Early-morning training severely
restricts the amount of sleep obtained by elite swimmers. European Journal of Sport Science,

14(1), pp.S310-S315. Available at: https://doi.org/10.1080/17461391.2012.696711.

Sato, A., Shimoyama, Y., Ishikawa, T. and Murayama, N. (2011). Dietary thiamin and riboflavin
intake and blood thiamin and riboflavin concentrations in college swimmers undergoing
intensive training. International Journal of Sport Nutrition and Exercise Metabolism, 21(3),

pp.195-204. Available at: https://doi.org/10.1123/ijsnem.21.3.195.

Saunders, B., de Oliveira, L.F., Dolan, E., Durkalec-Michalski, K., McNaughton, L., Artioli, G.G, et
al. (2022). Sodium bicarbonate supplementation and the female athlete: a brief commentary
with small scale systematic review and meta-analysis. European Journal of Sport

Science, 22(5), pp.745-754. Available at: https://doi.org/10.1080/17461391.2021.1880649.

Saunders, B., de Salles Painelli, V., de Oliveira, L.F., da Eira Silva, V., da Silva, R.P., Riani, L., et al.

(2017). Twenty-four weeks of B-alanine supplementation on carnosine content, related genes,

285


https://doi.org/10.1249/MSS.0b013e3182188501
https://doi.org/10.1093/cid/ciab039
https://doi.org/10.2466/pms.100.1.22-24
https://doi.org/10.1080/17461391.2012.696711
https://doi.org/10.1123/ijsnem.21.3.195
https://doi.org/10.1080/17461391.2021.1880649

and exercise. Medicine and Science in Sports and Exercise, 49(5), pp.896-906. Available at:

https://doi.org/10.1249/MSS.0000000000001173.

Schafer, J.L. and Graham, J.W. (2002). Missing data: our view of the state of the art. Psychological

Methods, 7(2), pp.147-177.

Schofield, W.N. (1985). Predicting basal metabolic rate, new standards and review of previous

work. Human Nutrition. Clinical Nutrition, 39(1), pp.5-41.

Shabir, A., Hooton, A., Tallis, J. and Higgins M.F. (2018). The influence of caffeine expectancies on
sport, exercise, and cognitive performance. Nutrients, 10(10), pp.1528. Awvailable at:

https://doi.org/10.3390/nul10101528.

Sharman, J.E. and LaGerche, A. (2015). Exercise blood pressure: clinical relevance and correct
measurement. Journal of Human Hypertension, 29(6), pp.351-358. Available at:

https://doi.org/10.1038/jhh.2014.84.

Shaw, C.S., Clark, J. and Wagenmakers, A.J. (2010). The effect of exercise and nutrition on
intramuscular fat metabolism and insulin sensitivity. Annual Review of Nutrition, 30, pp.13—

34. Available at: https://doi.org/10.1146/annurev.nutr.012809.104817.

Shaw, G., Boyd, K.T., Burke, L.M. and Koivisto, A. (2014). Nutrition for swimming. International
Journal of Sport Nutrition and Exercise Metabolism, 24(4), pp.360-372. Available at:

https://doi.org/10.1123/ijsnem.2014-0015.

Shaw, G., Slater, G. and Burke, L.M. (2016a). Supplement use of elite Australian swimmers.
International Journal of Sport Nutrition and Exercise Metabolism, 26(3), pp.249-258.

Available at: https://doi.org/10.1123/ijsnem.2015-0182.

Shaw, G., Slater, G. and Burke, L.M. (2016b). Changes in the supplementation practices of elite
Australian swimmers over 11 years. International Journal of Sport Nutrition and Exercise

Metabolism, 26(6), pp.565-571. Available at: https://doi.org/10.1123/ijsnem.2016-0060.

Shaw, K.A., Bertrand, L., Deprez, D., Ko, J., Zello, G.A. and Chilibeck, P.D. (2021). The impact of

the COVID-19 pandemic on diet, fitness, and sedentary behaviour of elite para-athletes.

286


https://doi.org/10.1249/MSS.0000000000001173
https://doi.org/10.3390/nu10101528
https://doi.org/10.1038/jhh.2014.84
https://doi.org/10.1146/annurev.nutr.012809.104817
https://doi.org/10.1123/ijsnem.2014-0015
https://doi.org/10.1123/ijsnem.2015-0182
https://doi.org/10.1123/ijsnem.2016-0060

Disability and Health Journal, 14(3), pp.101091. Available at:

https://doi.org/10.1016/j.dhjo.2021.101091.

Siegler, J.C. and Gleadall-Siddall, D.O. (2010). Sodium bicarbonate ingestion and repeated swim
sprint performance. Journal of Strength and Conditioning Research, 24(11), pp.3105-3111.

Available at: https://doi.org/10.1519/JSC.0b013e3181f55eb1.

Siegler, J.C., Marshall, P.W., Bishop, D., Shaw, G. and Green, S. (2016). Mechanistic insights into
the efficacy of sodium bicarbonate supplementation to improve athletic performance. Sports

Medicine— Open, 2(1), pp.41. Available at: https://doi.org/10.1186/s40798-016-0065-9.

Siegler, J.C., Midgley, AW., Polman, R.C., Lever, R. (2010). Effects of various sodium bicarbonate
loading protocols on the time-dependent extracellular buffering profile. Journal of Strength
and Conditioning Research, 24(9), pp.2551-2557. Available at:

https://doi.org/10.1519/JSC.0b013e3181aeb154.

Sim, M., Garvican-Lewis, L.A., Cox, G.R., Govus, A., McKay, A.K.A., Stellingwerff, T., et al.
(2019). Iron considerations for the athlete: a narrative review. European Journal of Applied

Physiology, 119(7), pp.1463-1478. Available at: https://doi.org/10.1007/s00421-019-04157-

Y.

Simi¢, V. and Mohorko, N. (2018). Nutritional strategies of Slovenian national junior swimming
team. Annales Kinesiologiae, 9(1), pp.15-34. Available at:

https://doi.org/10.35469/ak.2018.158.

Skinner, T.L., Jenkins, D.G., Taaffe, D.R., Leveritt, M.D. and Coombes, J.S. (2013). Coinciding
exercise with peak serum caffeine does not improve cycling performance. Journal of Science
and Medicine in Sport, 16(1), pp.54-59. Available at:

https://doi.org/10.1016/j.jsams.2012.04.004.

Smirmaul, B.P., de Moraes, A.C., Angius, L. and Marcora, S.M. (2017). Effects of caffeine on

neuromuscular fatigue and performance during high-intensity cycling exercise in moderate

287


https://doi.org/10.1016/j.dhjo.2021.101091
https://doi.org/10.1519/JSC.0b013e3181f55eb1
https://doi.org/10.1186/s40798-016-0065-9
https://doi.org/10.1519/JSC.0b013e3181aeb154
https://doi.org/10.1007/s00421-019-04157-y
https://doi.org/10.1007/s00421-019-04157-y
https://doi.org/10.35469/ak.2018.158
https://doi.org/10.1016/j.jsams.2012.04.004

hypoxia. European Journal of Applied Physiology, 117(1), pp.27-38. Awvailable at:

https://doi.org/10.1007/s00421-016-3496-6.

Smith, E. S., McKay, A. K., Ackerman, K. E., Harris, R., Elliott-Sale, K. J., Stellingwerff, T., et al.
(2022). Methodology review: a protocol to audit the representation of female athletes in
sports science and sports medicine research. International Journal of Sport Nutrition and

Exercise Metabolism, 32(2), pp.114-127. Available at: https://doi.org/10.1123/ijsnem.2021-

0257.

Sokmen, B., Armstrong, L.E., Kraemer, W.J., Casa, D.J., Dias, J.C., Judelson, D.A., et al. (2008).
Caffeine use in sports: considerations for the athlete. Journal of Strength and Conditioning

Research, 22(3), pp.978-986. Available at: https://doi.org/10.1519/JSC.0b013e3181660cec.

Sostaric, S.M., Skinner, S.L., Brown, M.J., Sangkabutra, T., Medved, I., Medley, T., et al. (2006).
Alkalosis increases muscle K* release, but lowers plasma [K*] and delays fatigue during
dynamic forearm exercise. The Journal of Physiology, 570(1), pp.185-205. Available at:

https://doi.org/10.1113/jphysiol.2005.094615.

Spriet, L.L. (2014). Exercise and sport performance with low doses of caffeine. Sports Medicine,

44(2), pp.S175-S184. Available at: https://doi.org/10.1007/s40279-014-0257-8.

Stadlbauer, V., Wallner, S., Stojakovic, T. and Smolle, K.H. (2011). Comparison of 3 different
multianalyte point-of-care devices during clinical routine on a medical intensive care
unit. Journal of  Critical Care, 26(4), pp.433-e1-433-e1l. Available  at:

https://doi.org/10.1016/j.jcrc.2010.09.003.

Stellingwerff, T., Boit, M.K. and Res, P.T. (2007). Nutritional strategies to optimize training and
racing in middle-distance athletes. Journal of Sports Sciences, 25(1), pp.S17-S28. Available

at: https://doi.org/10.1080/02640410701607213.

Stellingwerff, T., Maughan, R.J. and Burke, L.M. (2011). Nutrition for power sports: middle-distance
running, track cycling, rowing, canoeing/kayaking, and swimming. Journal of Sports

Sciences, 29(1), pp.S79-S89. Available at: https://doi.org/10.1080/02640414.2011.589469.

288


https://doi.org/10.1007/s00421-016-3496-6
https://doi.org/10.1123/ijsnem.2021-0257
https://doi.org/10.1123/ijsnem.2021-0257
https://doi.org/10.1519/JSC.0b013e3181660cec
https://doi.org/10.1113/jphysiol.2005.094615
https://doi.org/10.1007/s40279-014-0257-8
https://doi.org/10.1016/j.jcrc.2010.09.003
https://doi.org/10.1080/02640410701607213
https://doi.org/10.1080/02640414.2011.589469

Stewart, A.M. and Hopkins, W.G. (2000). Consistency of swimming performance within and between
competitions. Medicine and Science in Sports and Exercise, 32(5), pp.997-1001. Available

at: https://doi.org/10.1097/00005768-200005000-00018.

Swartz, M.C., Allen, K., Deer, R.R., Lyons, E.J., Swartz, M.D. and Clifford T. (2019). A narrative
review on the potential of red beetroot as an adjuvant strategy to counter fatigue in children

with cancer. Nutrients, 11(12), pp.3003. Available at: https://doi.org/10.3390/nu11123003.

Talanian, J.L. and Spriet, L.L. (2016). Low and moderate doses of caffeine late in exercise improve
performance in trained cyclists. Applied Physiology, Nutrition, and Metabolism, 41(8),

pp.850-855. Available at: https://doi.org/10.1139/apnm-2016-0053.

Tangpricha, V., Turner, A., Spina, C., Decastro, S., Chen, T.C. and Holick, M.F. (2004). Tanning is
associated with optimal vitamin D status (serum 25-hydroxyvitamin D concentration) and
higher bone mineral density. The American Journal of Clinical Nutrition, 80(6), pp.1645—

1649. Available at: https://doi.org/10.1093/ajcn/80.6.1645.

Tam, R., Beck, K.L., Manore, M.M., Gifford, J., Flood, V.M. and O'Connor, H. (2019). Effectiveness

of education interventions designed to improve nutrition knowledge in athletes: a systematic

review. Sports Medicine, 49(11), pp.1769-1786. Available at: https://doi.org/10.1007/s40279-

019-01157-y.

Tarnopolsky, M. (1994). Caffeine and endurance performance. Sports Medicine, 18(2), pp.109-125.

Available at: https://doi.org/10.2165/00007256-199418020-00004.

Tarnopolsky, M.A. (2004). Protein requirements for endurance athletes. Nutrition, 20(7-8), pp.662—

668. Available at: https://doi.org/10.1016/j.nut.2004.04.008.

Temple, J.L., Bernard, C., Lipshultz, S.E., Czachor, J.D., Westphal, J.A. and Mestre, M.A. (2017).
The safety of ingested caffeine: a comprehensive review. Frontiers in Psychiatry, 8, pp.80.

Available at: https://doi.org/10.3389/fpsyt.2017.00080.

289


https://doi.org/10.1097/00005768-200005000-00018
https://doi.org/10.3390/nu11123003
https://doi.org/10.1139/apnm-2016-0053
https://doi.org/10.1093/ajcn/80.6.1645
https://doi.org/10.1007/s40279-019-01157-y
https://doi.org/10.1007/s40279-019-01157-y
https://doi.org/10.2165/00007256-199418020-00004
https://doi.org/10.1016/j.nut.2004.04.008
https://doi.org/10.3389/fpsyt.2017.00080

Temple, J.L. and Ziegler, A.M. (2011). Gender differences in subjective and physiological responses
to caffeine and the role of steroid hormones. Journal of Caffeine Research, 1(1), pp.41-48.

Available at: https://doi.org/10.1089/jcr.2011.0005.

Thiagarajan, K. (2021). Why is India having a covid-19 surge? BMJ, 373, pp.n1124. Available at:

https://doi.org/10.1136/bmj.n1124.

Theodorou, A.S., Cooke, C.B., King, R.F., Hood, C., Denison, T., Wainwright, B.G., et al. The effect
of longer-term creatine supplementation on elite swimming performance after an acute
creatine loading. Journal of Sports Sciences, 17(11), pp.853-859. Available at:

https://doi.org/10.1080/026404199365416.

Thomas, D.T., Erdman, K.A. and Burke, L.M. (2016). Position of the Academy of Nutrition and
Dietetics, Dietitians of Canada, and the American College of Sports Medicine: nutrition and
athletic performance. Journal of the Academy of Nutrition and Dietetics, 116(3), pp.501-528.

Available at: https://doi.org/10.1016/j.jand.2015.12.006.

Todd, J.J., Pourshahidi, L.K., McSorley, E.M., Madigan, S.M. and Magee, P.J. (2015). Vitamin D:
recent advances and implications for athletes. Sports Medicine, 45(2), pp.213-229. Available

at: https://doi.org/10.1007/s40279-014-0266-7.

Tokish, J.M., Kocher, M.S. and Hawkins, R.J. (2004). Ergogenic aids: a review of basic science,
performance, side effects, and status in sports. The American Journal of Sports Medicine,

32(6), pp.1543-1553. Available at: https://doi.org/10.1177/0363546504268041.

Totzeck, M., Hendgen-Cotta, U.B., Rammos, C., Frommke, L.M., Knackstedt, C., Predel, H.G., et al.
(2012). Higher endogenous nitrite levels are associated with superior exercise capacity in
highly  trained athletes.  Nitric ~ Oxide, 27(2), pp.75-81. Available at:

https://doi.org/10.1016/j.niox.2012.05.003.

Trappe, T.A., Gastaldelli, A., Jozsi, A.C., Troup, J.P. and Wolfe, R.R. (1997). Energy expenditure of
swimmers during high volume training. Medicine and Science in Sports and Exercise, 29(7),

pp.950-954. Available at: https://doi.org/10.1097/00005768-199707000-00015.

290


https://doi.org/10.1089/jcr.2011.0005
https://doi.org/10.1136/bmj.n1124
https://doi.org/10.1080/026404199365416
https://doi.org/10.1016/j.jand.2015.12.006
https://doi.org/10.1007/s40279-014-0266-7
https://doi.org/10.1177/0363546504268041
https://doi.org/10.1016/j.niox.2012.05.003
https://doi.org/10.1097/00005768-199707000-00015

Trexler, E.T., Keith, D.S., Schwartz, T.A., Ryan, E.D., Stoner, L., Persky, A.M,, et al. (2019). Effects
of citrulline malate and beetroot juice supplementation on blood flow, energy metabolism,
and performance during maximum effort leg extension exercise. Journal of Strength and
Conditioning Research, 33(9), pp.2321-2329. Available at:

https://doi.org/10.1519/JSC.0000000000003286.

Trindade, C.D.Z., Montenegro, K.R., Schneider, C.D., de Souza Castro, F.A. and Baroni, B.M., 2017.
Adequacy of dietary intake in swimmers during the general preparation phase. Sport Sciences

for Health, 13(2), pp.373-380.

Turnberg, L.A., Fordtran, J.S., Carter, N.W. and Rector, F.C. (1970). Mechanism of bicarbonate
absorption and its relationship to sodium transport in the human jejunum. The Journal of

Clinical Investigation, 49(3) pp.548-556. Available at: https://doi.org/10.1172/JC1106265.

Ulery, J.A., Melton, B.F., Bland, H. and Riggs, A.J. (2022). Associations between health status,
training level, motivations for exercise, and supplement use among recreational runners.
Journal of Dietary Supplements, 19(5), pp.640-655. Available at:

https://doi.org/10.1080/19390211.2021.1910395.

Valliéres, F., Tremblay, A. and St-Jean, L. (1989). Study of the energy balance and the nutritional
status of highly trained female swimmers. Nutrition Research, 9(7), pp.699-708. Available at:

https://doi.org/10.1016/S0271-5317(89)80013-2.

Van Handel, P.J., Cells, K.A., Bradley, P.W. and Troup, J.P. (1984). Nutritional status of elite

swimmers. Journal of Swimming Research, 1(1), pp.27-31.

Vanata, D.F., Mazzino, N., Bergosh, R. and Graham, P. (2014). Caffeine improves sprint-distance

performance among Division Il collegiate swimmers. The Sport Journal, 17, pp.1-8.

Vanhatalo, A., Bailey, S.J., Blackwell, J.R., DiMenna, F.J., Pavey, T.G., Wilkerson, D.P., et al.
(2010). Acute and chronic effects of dietary nitrate supplementation on blood pressure and the

physiological responses to moderate-intensity and incremental exercise. American Journal of

291


https://doi.org/10.1519/JSC.0000000000003286
https://doi.org/10.1172/JCI106265
https://doi.org/10.1080/19390211.2021.1910395
https://doi.org/10.1016/S0271-5317(89)80013-2

Physiology—Regulatory, Integrative and Comparative Physiology, 299(4), pp.R1121-R1131.

Available at: https://doi.org/10.1152/ajprequ.00206.2010.

VanHeest, J.L., Rodgers, C.D., Mahoney, C.E. and de Souza, M.J. (2014). Ovarian suppression
impairs sport performance in junior elite female swimmers. Medicine and Science in Sports
and Exercise, 46(1), pp.156-166. Available at:

https://doi.org/10.1249/MSS.0b013e3182a32b72.

Varvik, F.T., Bjarnsen, T. and Gonzalez, A.M. (2021). Acute effect of citrulline malate on repetition
performance during strength training: a systematic review and meta-analysis. International
Journal of Sport Nutrition and Exercise Metabolism, 31(4), pp.350-358. Available at:

https://doi.org/10.1123/ijsnem.2020-0295.

Vatanparast, H., Bailey, D.A., Baxter-Jones, A.D. and Whiting, S.J. (2010). Calcium requirements for
bone growth in Canadian boys and girls during adolescence. British Journal of Nutrition,

103(4), pp.575-580. Available at: https://doi.org/10.1017/S0007114509992522.

Viribay, A., Burgos, J., Fernandez-Landa, J., Seco-Calvo, J. and Mielgo-Ayuso, J. (2020). Effects of
arginine supplementation on athletic performance based on energy metabolism: a systematic
review and meta-analysis. Nutrients, 12(5), pp.1300. Available at:

https://doi.org/10.3390/nu12051300.

Vogt, M., Puntschart, A., Howald, H., Mueller, B., Mannhart, C., Gfeller-Tuescher, L., et al. (2003).
Effects of dietary fat on muscle substrates, metabolism, and performance in athletes. Medicine
and Science in Sports and Exercise, 35(6), pp.952-960. Available at:

https://doi.org/10.1249/01.MSS.0000069336.30649.BD.

Walker, N., Love, T.D., Baker, D.F., Healey, P.B., Haszard, J., Edwards, A.S., et al. (2014).
Knowledge and attitudes to vitamin D and sun exposure in elite New Zealand athletes: a
cross-sectional study. Journal of the International Society of Sports Nutrition, 11(1), pp.47.

Available at: https://doi.org/10.1186/s12970-014-0047-6.

292


https://doi.org/10.1152/ajpregu.00206.2010
https://doi.org/10.1249/MSS.0b013e3182a32b72
https://doi.org/10.1123/ijsnem.2020-0295
https://doi.org/10.1017/S0007114509992522
https://doi.org/10.3390/nu12051300
https://doi.org/10.1249/01.MSS.0000069336.30649.BD
https://doi.org/10.1186/s12970-014-0047-6

Walsh, N.P. (2019). Nutrition and athlete immune health: new perspectives on an old paradigm.

Sports Medicine, 49(2), pp.153-168. Available at: https://doi.org/10.1007/s40279-019-01160-

3.

Watts, A.R., Lennard, M.S., Mason, S.L., Tucker, G.T. and Woods, H.F. (1993). Beeturia and the
biological fate of beetroot pigments. Pharmacogenetics, 3(6), pp.302-311. Available at:

https://doi.org/10.1097/00008571-199312000-00004.

Wax, B., Kavazis, A.N., Weldon, K. and Sperlak, J. (2015). Effects of supplemental citrulline malate
ingestion during repeated bouts of lower-body exercise in advanced weightlifters. Journal of
Strength and  Conditioning  Research, 29(3), pp.786-792. Available at:

https://doi.org/10.1519/JSC.0000000000000670.

Wax, B., Kavazis, A.N. and Luckett, W. (2016). Effects of supplemental citrulline-malate ingestion
on blood lactate, cardiovascular dynamics, and resistance exercise performance in trained
males. Journal of Dietary Supplements, 13(3), pp.269-282. Available at:

https://doi.org/10.3109/19390211.2015.1008615.

Wax, B., Kerksick, C.M., Jagim, A.R., Mayo, J.J., Lyons, B.C. and Kreider, R.B. (2021). Creatine for
exercise and sports performance, with recovery considerations for healthy populations.

Nutrients, 13(6), pp.1915. Available at: https://doi.org/10.3390/nu13061915.

Webb, A.R., Kline, L. and Holick, M.F. (1988). Influence of season and latitude on the cutaneous
synthesis of vitamin Ds: exposure to winter sunlight in Boston and Edmonton will not
promote vitamin Ds synthesis in human skin. The Journal of Clinical Endocrinology and

Metabolism, 67(2), pp.373-378. Available at: https://doi.org/10/1210/jcem-67-2-373.

Westerblad, H. (2016). Acidosis is not a significant cause of skeletal muscle fatigue. Medicine and
Science in Sports and Exercise, 48(11), pp.2339-2342.

https://doi.org/10.1249/MSS.0000000000001044.

Wickham, K.A. and Spriet, L.L. (2018). Administration of caffeine in alternate forms. Sports

Medicine, 48(1), pp.79-91. Available at: https://doi.org/10.1007/s40279-017-0848-2.

293


https://doi.org/10.1007/s40279-019-01160-3
https://doi.org/10.1007/s40279-019-01160-3
https://doi.org/10.1097/00008571-199312000-00004
https://doi.org/10.1519/JSC.0000000000000670
https://doi.org/10.3109/19390211.2015.1008615
https://doi.org/10.3390/nu13061915
https://doi.org/10/1210/jcem-67-2-373
https://doi.org/10.1249/MSS.0000000000001044
https://doi.org/10.1007/s40279-017-0848-2

Wickham, K.A., Steele, SW. and Cheung, S.S. (2021). Effects of acute dietary nitrate
supplementation on cold-induced vasodilation in healthy males. European Journal of Applied

Physiology, 121(5), pp.1431-1439. Available at: https://doi.org/10.1007/s00421-021-04621-

8.

Wiens, K., Erdman, K.A., Stadnyk, M. and Parnell, J.A. (2014). Dietary supplement usage,
motivation, and education in young, Canadian athletes. International Journal of Sport
Nutrition ~and  Exercise =~ Metabolism,  24(6), pp.613-622. Available at:

https://doi.org/10.1123/ijsnem.2013-0087.

Wikoff, D., Welsh, B.T., Henderson, R., Brorby, G.P., Britt, J., Myers, E., et al. (2017). Systematic
review of the potential adverse effects of caffeine consumption in healthy adults, pregnant
women, adolescents, and children. Food and Chemical Toxicology, 109(1), pp.585-648.

Available at: https://doi.org/10.1016/j.fct.2017.04.002.

Wilson, P.B., Russell, H. and Pugh, J. (2021). Anxiety may be a risk factor for experiencing
gastrointestinal symptoms during endurance races: An observational study. European Journal
of Sport Science, 21(3), pp.421-427. Available at:

https://doi.org/10.1080/17461391.2020.1746836.

Winterstein, A.P. and Storrs, C.M. (2001). Herbal supplements: considerations for the athletic trainer.

Journal of Athletic Training, 36(4), pp.425-432.

World Aguatics (2023). Swimming points. Available at:

https://www.worldaquatics.com/swimming/points [Accessed 6 April 2023].

World Health Organisation. (2023). WHO coronavirus (COVID-19) dashboard. Available at:

https://covid19.who.it [Accessed 15 April 2023].

Wu, G., Bazer, F.W., Davis, T.A., Kim, SW., Li, P., Rhoads, J.M., et al. Arginine metabolism and
nutrition in growth, health and disease. Amino Acids, 37(1), pp.153-168. Available at:

https://doi.org/10.1007/s00726-008-0210-y.

294


https://doi.org/10.1007/s00421-021-04621-8
https://doi.org/10.1007/s00421-021-04621-8
https://doi.org/10.1123/ijsnem.2013-0087
https://doi.org/10.1016/j.fct.2017.04.002
https://doi.org/10.1080/17461391.2020.1746836
https://www.worldaquatics.com/swimming/points
https://covid19.who.it/
https://doi.org/10.1007/s00726-008-0210-y

Zajac, A., Cholewa, J., Poprzecki, S., Waskiewicz, Z. and Langfort, J. (2009). Effects of sodium
bicarbonate ingestion on swim performance in youth athletes. Journal of Sports Science and

Medicine, 8(1), pp.45-50.

Zakaria, R., Allen, K.J., Koplin, J.J., Roche, P. and Greaves, R.F. (2020). Candidate reference method
for determination of vitamin D from dried blood spot samples. Clinical Chemistry and

Laboratory Medicine, 58(5), pp.817-827. Available at: https://doi.org/10.1515/cclm-2019-

0397.

Zamani, H., de Joode, M.E.J.R., Hossein, 1.J., Henckens, N.F.T., Guggeis, M.A., Berends, J.E., et al.
(2021). The benefits and risks of beetroot juice consumption: a systematic review. Critical
Reviews in Food Science and Nutrition, 61(5), pp.788-804. Available at:

https://doi.org/10.1080/10408398.2020.1746629.

Zhang, L., Quan, M. and Cao, Z.B. (2019). Effect of vitamin D supplementation on upper and lower
limb muscle strength and muscle power in athletes: a meta-analysis. PloS One, 14(4),

pp.0215826. Available at: https://doi.org/10.1371/journal.pone.0215826.

Zietz, B., Schnabl, S., Nerlich, M., Schoelmerich, J. and Schaeffler, A. (2008). Nutritional
composition in different training stages in young female athletes (swimming) and association
with leptin, IGF-1 and estradiol. Experimental and Clinical Endocrinology and Diabetes,

pp.283-288. Available at: https://doi.org/10.1055/s-0028-1085996.

Zu, Z2.Y., Jiang, M.D., Xu, P.P., Chen, W., Ni, Q.Q., Lu, G.M., et al. (2020). Coronavirus disease
2019 (COVID-19): a perspective from China. Radiology, 296(2), pp.E15-E25. Available at:

https://doi.org/10.1148/radiol.2020200490.

295


https://doi.org/10.1515/cclm-2019-0397
https://doi.org/10.1515/cclm-2019-0397
https://doi.org/10.1080/10408398.2020.1746629
https://doi.org/10.1371/journal.pone.0215826
https://doi.org/10.1055/s-0028-1085996
https://doi.org/10.1148/radiol.2020200490

