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Abstract 
Sodium citrate (SC) has been the subject of a relatively large quantity of research over the last 30+ 
years, centred around its potential as an extracellular buffering agent, which remains unclear at present. 
The lack of a clear performance benefit following SC use may be partly explained by inefficacious 
ingestion practices, whereby an ineffective dosage was provided, timing of ingestion pre-exercise was 
not fully considered and/or other contributing elements of the protocol were overlooked, i.e., ingestion 
form. To date, a protocol which simultaneously manages many of these elements has not been applied 
to an exercise scenario. Based on recent research using sodium bicarbonate (SB), an individualised 
approach to administering buffering agents has emerged as a potential method of maximising the 
likelihood of a performance effect. This entails supplementing SB (or SC) at a pre-determined time 
before exercise, allowing exercise to commence at peak pH or bicarbonate (HCO3

-) levels. The 
utilization of this strategy is dependent on the reproducibility of these blood acid-base responses, which 
at present, remains undetermined following SC ingestion. Therefore, Study 1 investigated the 
reproducibility of blood acid-base responses following the ingestion of SC, provided in multiple 
quantities. This study revealed that pH and HCO3

- had limited reproducibility, irrespective of ingested 
dose and as such, it would be difficult to recommend an individualised approach. Despite this, SC 
induced potentially meaningful levels of alkalosis in the absence of significant gastrointestinal 
symptoms (GIS), suggesting that a positive post-ingestion response could be applied to exercise, 
potentially utilising a more generalised approach. Subsequent investigations were completed to 
elucidate the effect of different forms of encapsulation, as well as the effect of a carbohydrate (CHO) 
rich meal on GIS primarily, whilst also commenting on the specific effects on blood HCO3

- kinetics. 
Study 2 compared three different forms of encapsulation; gelatine (GEL), delayed-release (DEL) and 
enterically-coated (ENT) capsules. Ingestion form had no significant effect on total GIS experienced, 
with many participants experiencing no symptoms throughout. Peak GIS typically arose within ~100 
min post-ingestion, at a similar time across encapsulation forms and notably, before mean peak blood 
[HCO3

-] responses. Furthermore, while blood [HCO3
-] was significantly higher with ENT vs. GEL, all 

forms induced significant changes in [HCO3
-]. Collectively, the need for expensive forms of SC 

encapsulation was questioned. In study 3, CHO did not notably impact GIS responses or blood HCO3
- 

kinetics. Specifically, total GIS experienced remained similar with or without CHO and was minimal 
throughout. In reference to blood HCO3

- kinetics, no effect of CHO was observed on blood [HCO3
-] 

following SC ingestion. Absolute change in HCO3
- was also comparable, with important increases well 

beyond reported thresholds for a positive effect. Finally, time-to-peak [HCO3
-] was highly similar. An 

interesting finding was the emergence of peak GIS, which occurred almost exclusively in the first 
sample post-ingestion. While more work is required, this appeared to be the result of co-ingesting large 
quantities of CHO and encapsulated SC simultaneously, which has implications for future use. Taken 
together, CHO could be consumed alongside SC to individually support CHO metabolism, without 
impacting the general response to SC, although quantities consumed may provide a challenge. In study 
4, findings from the preceding investigations were utilised to test the effect of ingesting 0.5 g.kg-1 body 
mass (BM) SC, provided in GEL capsules and alongside a CHO rich meal (1.75 g.kg-1 BM), on repeated 
4 km time trial (TT) performance. Specifically, SC was ingested at a generalised time point, aiming to 
promote a peak [HCO3

-] at commencement of the first TT or, at commencement of the second TT. 
Ingestion of SC in this manner was compared to a placebo and control, revealing significant effects on 
blood alkalosis ([HCO3

-] and pH) which did not translate into performance, physiological or perceptual 
differences. 
 
Keywords: Buffering, alkalosis, reliability, encapsulation, individualisation, time-trials, performance. 
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At the elite levels of sport, where physical conditioning is at its peak, experience is extensive, and 

bespoke, periodized training and nutritional programs are the norm, ‘marginal gains’ often determine 

success or failure. For recreational athletes, marginal gains may represent substantial improvements in 

performance, possibly propelling them to a higher level of competition. To find such gains, athletes 

continuously seek to exploit every legal advantage available and for this, a role exists for the use of 

nutritional ergogenic aids (Peeling et al., 2018). As Close et al (2016) discuss, decades of research have 

investigated numerous strategies to prepare for competition (e.g., pre-exercise fuelling) (Burke et al., 

2011), promote competition performance (e.g., carbohydrate feeding) (Stellingwerf and Cox, 2014) and 

recover from competition (e.g., protein feeding to promote muscle recovery) (Jager et al., 2017). Across 

all these stages of competition, particular research interest has been given to ergogenic aids that may 

modulate central and/or peripheral components of fatigue (Burke, 2017), namely, creatine monohydrate 

(Lanhers et al., 2017), beta-alanine (Saunders et al., 2017), SB (McNaughton et al., 2016) and SC 

(Urwin et al., 2021b).  

Buffering agents such as SB and SC act to enhance extracellular blood buffering by promoting 

blood alkalosis (marked by increased blood pH and/or [HCO3
-]) (Saunders et al., 2020; Lancha Junior 

et al., 2015). And augmenting the HCO3
- buffering systems ability to protect against the excessive 

production of protons (H+), implicated as a major cause of muscular fatigue (Edwards, 1975, 1981; 

Fitts, 1994). Of both the aforementioned buffering agents, SB has received significantly more research 

interest to date, demonstrating a clear performance effect (expressed as percentage change in mean 

power) of 1.7% (97% CL ± 2.0%) in exercise of 1-10 min in duration vs. an unclear performance effect 

of 0.0% (97% CL ± 1.3%) following SC ingestion (Carr et al., 2011a). Given the disparity in research 

volume, the comparative efficacy of each agent following an optimised ingestion strategy is, at present, 

unknown (Urwin et al., 2021b). The two supplements generate similar levels of blood alkalosis (Heibel 

et al., 2018; Van Montfoort et al., 2004; Potteiger et al., 1996) although SC appears to promote less 

post-ingestion GIS (Peacock et al., 2021; Requena et al., 2005) in some instances. Comparing SC and 

SB at their recommended dose, Urwin et al. (2022) confirmed similar peak [HCO3
-] (Cmax)  
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(34.2 (33.24-35.0) vs. 33.6 (32.8-34.5) mmol.L-1, respectively) and found no difference in both 

frequency and severity of GIS (P > 0.05). 

Maximising blood alkalosis, whilst also mitigating GIS following the ingestion of SC is largely 

the result of the administered dose and, until recently, the required amount necessary to promote an 

optimal response was not entirely clear. At present, only three dose-response studies have been 

conducted (McNaughton, 1990; Schabort et al., 2000; Urwin, Dwyer and Carr, 2016). In the earlier 

work of McNaughton (1990) and Schabort et al (2000), the highest quantities given (0.5 g•kg1 and  

0.6 g•kg1 BM, respectively) were associated with the greatest level of induced alkalosis, with 

McNaughton (1990) also finding the greatest performance effect at the highest administered dose 

(greater total work done). This lead Urwin et al. (2016) to propose that higher doses (in excess of 0.6 

g•kg-1 BM) may improve performance further, something that a range of prior studies using 0.5, 0.7 up 

to 0.9 g•kg-1 BM of SC had failed to clarify (Aedma, Timpmann and Oopik, 2015; Russel et al., 2014; 

Martins, Artioli and Franchini, 2010; Esau et al., 1996; Cox and Jenkins, 1994). Across matched doses 

of 0.5, 0.6 and 0.9 g•kg-1 BM, Urwin et al. (2016) observed that doses in excess of 0.5 g•kg1 BM did 

not provide any additional alkalosis and in turn, may elicit significantly greater gastrointestinal (GI) 

distress (p = 0.004, 0.9 g•kg1 vs. 0.5 g•kg1) and hinder potential performance effects. As such, current 

recommendations support a dose of 0.5 g•kg1 BM to induce alkalosis and minimise GIS (Urwin et al., 

2021b). 

To elicit an ergogenic benefit from increased extracellular buffering capacity, there needs to be 

an increase in circulating HCO3
- following ingestion, irrespective of given dose. In theory, any increase 

in blood [HCO3
-] would lead to an analogous increase in buffering capacity, although the minimal 

increase necessary to positively impact performance is unknown (Heibel et al., 2018). Carr et al. 

(2011a) previously proposed that a +5 mmol•L-1 increase from baseline is required to achieve a ‘likely’ 

ergogenic benefit, whereas a +6 mmol•L-1 increase leads to ‘almost certain’ ergogenic benefits. More 

recently, de Oliveira et al. (2021) linked greater effects on exercise with medium (4-6 mmol.L-1) and 

large (> 6 mmol.L-1) increases in blood [HCO3
-] vs. small (£ 4 mmol.L-1). In a recent review, Urwin et 

al. (2021b) found that blood [HCO3
-] was significantly increased following SC ingestion vs. placebo in 
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every case (n = 33), irrespective of ingestion protocol. Yet, despite substantial increases in blood  

[HCO3
-], only 25% of observations reported significant improvements in performance. In this regard, 

Saunders et al. (2014) suggest that individual positive/negative responses may be only partially 

explained by blood [HCO3
-]  levels, finding no correlation between the magnitude of change in blood 

values (HCO3
- and pH and base excess) and high-intensity cycling capacity. Going further, not only 

does absolute maximal change (∆Cmax) differ substantially between individuals, but time-to-peak (TTP) 

[HCO3
-] (Tmax) appears to vary substantially also in both SB and SC (Gough et al., 2017a, 2017b; Sparks 

et al., 2017; Jones et al., 2016; Urwin et al., 2016; Saunders et al., 2014).  

Given the larger molecular weight of SC (258.06 g.mol-1) in comparison to SB  

(84.007 g.mol-1), time-to-peak alkalosis (blood [HCO3
-] and pH) following SC ingestion is likely to be 

longer (McNaughton et al., 2019). When administered in solution, a peak alkalotic response following 

SC ingestion may arise after a minimum of 100-120 min (Potteiger et al., 1996) up to 180-210 min 

(Urwin et al., 2016) and varies when administered in capsule form (Urwin et al., 2019, Peacock et al., 

2021). Despite this, many investigations have utilised relatively short, fixed durations (i.e., 90 min) 

between SC ingestion and the onset of exercise (Kumstat et al., 2018; Schabort et al., 2000; Shave et 

al, 2001). As highlighted by Urwin et al. (2016), this may be the negative influence of published 

ingestion protocols for SB, which is associated with a shorter TTP of between 30 to ~120 min (Gough 

et al., 2019; Gough et al., 2017a, Jones et al., 2016, Saunders et al., 2014). As a result, the unclear 

performance effect of SC, may be explained by a failure to reach a state of peak alkalosis at the onset 

of exercise and therefore, maximise the impact of increased buffering capacity across each individual 

(de salles Painelli and Junior, 2018).  

Since Miller et al. (2016) first utilised an individual approach to SB ingestion, research in 

buffering agents has largely moved towards a more individualised approach (McNaughton et al., 2019), 

following the general trajectory of nutrition as a whole towards more personalised methods (see: 

Swinton et al., 2018; Jeukendrup, 2014). Such an individual approach requires the researcher to 

determine each individual’s TTP ([HCO3
-] and/or pH) to ensure on the next visit(s) that the exercise 

task is commenced at this established timepoint, when buffering capacity is theoretically at its greatest. 
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The usability of this approach is dictated by the reproducibility of individual TTP ([HCO3
-] and/or pH) 

in SC, which at present remains unknown. Furthermore, whether reproducible blood responses are then 

able to produce equally reproducible performance benefits is also unclear. Based on existing work using 

SB, such an approach appears efficacious (Lassen, Lindstrøm and Lønbro, 2021; Boegman et al., 2020; 

Gough et al., 2017a; 2017b) but requires confirmation using SC.  

Hecksteden et al. (2015) discuss that to appropriately quantify individual responses to an 

experimental treatment requires repeated administrations of the specified treatment (i.e., a buffering 

agent), in order to allow the proportion of reproducible and random components to be determined 

alongside random variation due to measurement error. Applying such a method, reproducible individual 

responses can be explained by differences in participants in inherited, stable characteristics and 

separated from any random responses attributable to changes in participant characteristics or ‘status’ 

between treatments. Importantly, this is only possible if the treatment is allowed to washout, negating 

any residual effects that may linger (Hopkins, 2015). Overall, successfully demonstrating 

reproducibility of the individual response to a treatment in this way will allow an athlete for example, 

to make informed choices on whether SC offers a worthwhile effect and if they can expect to gain 

benefits in a predictable, consistent manner across training/competition (Burke et al., 2017). The 

response to buffering agents is clearly subject to inter-individual variation, with TTP alkalotic response 

varying by >90 min (Urwin et al., 2016; 2019; Requena et al., 2005, Potteiger et al., 1996) to as much 

as 150 min (de Oliveria et al., 2020; Gough 2019; 2017a, Jones et al., 2016) following the ingestion of 

SC and SB, respectively. Therefore, the reproducibility of individual responses should not be assumed 

across buffering agents and is unlikely to be applicable for all individuals, however, assessing the utility 

of such an approach provides a logical, potentially more effective alternative to a standardised ingestion 

strategy. 

Acute GI distress is a somewhat common side-effect following the ingestion of significant 

quantities of extracellular buffer, particularly when provided as an aqueous solution and may offer a 

partial explanation of some equivocal responses to SC (Urwin et al., 2021b; Cerullo et al., 2020; Jones 

et al., 2016, Carr et al., 2011a). Commonly, GIS manifests following both SB and SC ingestion as 
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stomach cramps, nausea, vomiting and diarrhoea amongst other symptoms (Carr et al., 2011b, Urwin 

et al, 2016; 2019). Although performance benefits may still be observed when GIS are reported (Carr 

et al., 2011b) a reduction in such symptoms is linked to improved performance (Costa et al., 2017; 

Wilson and Ingraham, 2015) and the appearance of these symptoms may otherwise be ergolytic for 

some (McNaughton et al., 2016; Saunders et al, 2014) and in this regard, often discourages individuals 

from supplementation entirely (Knapik et al., 2016; Heibel et al., 2018). Following ingestion of SC, the 

most intense GIS have been observed between 65-95 min post-supplementation (Urwin et al., 2016; 

2019) which, when considering SC has often been administered at a standardised timepoint of 90 min 

pre-exercise (20 of 33 observations, see: Urwin et al., 2021b) suggests many individuals may have 

begun to exercise at the height of GIS, modifying possible ergogenic effects. Urwin et al. (2021b) also 

highlight a further 10 observations within which ingestion also occurs 65-95 min pre-exercise (75 and 

85 min, n = 1 for both) or borderline to this period (60 min, n = 8). Once again, this does not entirely 

explain the lack of effect in some individuals (Heibel et al., 2018), although differing individual GIS 

responses to buffering agents are clear (Peacock et al., 2021; McNaughton, Siegler and Midgley, 2008) 

and should be addressed as part of an optimised ingestion strategy. 

The emergence of GIS may  be  explained by the interaction of the ingested substance with 

stomach acids and as such, current research focuses on ways to impact this interaction (Peacock et al., 

2021; Hilton et al., 2019; 2020a; 2020b) and to make supplementation more palatable for wider 

application in general (Urwin et al., 2019). Specifically, a range of capsules have been utilised, 

primarily as a means of avoiding degradation of capsules in the stomach environment and to exploit the 

considerable pH differences along the GI tract, causing degradation to occur predominantly in the less 

acidic duodenum (pH 6-7 arbitrary units (AU)) (Ibekwe et al., 2008a; 2008b). A key component of 

these capsules is often hydroxypropyl methylcellulose which resists degradation in acidic environments 

such as the stomach (pH -1-2 AU). Whilst de Oliveira et al. (2018) highlighted the possibility that 

reducing neutralization in the stomach may increase blood [HCO3
-], reductions have instead been 

observed, potentially as a result of decreased time available for absorption (Hilton et al., 2019; 2020a). 

Generally, the impact various capsules may have on blood responses, such as TTP alkalotic response 
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appears to differ markedly, particularly vs. solution (Middlebrook et al., 2021; Peacock et al., 2021, 

Hilton et al, 2019; 2012a; Urwin et al., 2019).  

Following SC ingestion, Urwin et al. (2019) observed that GEL capsules produced a greater 

Cmax and DCmax relative to solution for both blood pH and HCO3
-. For blood pH, Cmax was ~0.018 higher 

(7.490 (7.482-7.498) vs. 7.472 (7.464-7.480), P < 0.001), with identical improvements for DCmax  (0.100 

(0.092-0.107) vs. 0.082 (0.074-0.089), P < 0.001). For blood HCO3
-, Cmax was ~1.1 mmol.L-1 more 

(30.4 (29.8-31.1) vs. 29.3 (28.7-30.0), P = 0.013), reflected in significant alterations in DCmax   

(7.9 (7.2-8.6) vs. 6.8 (6.1-7.5) mmol.L-1, P = 0.013). Additionally, TTP blood pH and [HCO3
-] was also 

significantly later after GEL capsule ingestion than after solution (199 vs. 175 min, P = 0.034 and 204 

vs. 164 min, P < 0.001). Surprisingly, although capsules were significantly more palatable than solution 

(P < 0.001), GIS did not differ between modes at any observed timepoint. This observation may be 

explained by the fact that both capsules and solution were co-ingested with a CHO-rich meal (1.7 g•kg1 

BM (Thomas, Erdman and Burke, 2016), a practical method of further reducing GIS post-ingestion 

(Price and Cripps, 2012). Comparing multiple capsule formulations, Hilton et al. (2020a) administered 

0.3 g•kg1 BM of SB in ENT, GEL and DEL capsule form. They noted fewer GIS with ENT than with 

GEL (P = 0.012) but not with DEL (P = 0.106) capsules. Symptom severity also decreased with DEL 

(4.6 ± 2.8 AU) compared to GEL capsules (7.0 ± 2.6 AU, P = < 0.001) and were lower with ENT (2.8 

± 1.9 AU) than both GEL (P < 0.0005) and DEL (P = 0.044) capsules. Finally, changes in peak blood 

pH were reduced with ENT than with GEL (P = 0.047) and DEL (P = 0.047) capsules, with no further 

differences between conditions. More recently, using DEL capsules only, Peacock et al. (2021) 

observed significantly higher [HCO3
-] (P < 0.001) and pH (P = 0.040) in the SB compared to SC 

condition. Peak blood [HCO3
-]  (Cmax) was significantly higher with SB compared with SC (P < 0.001), 

with the highest concentration observed at 140 and 170 min, respectively. Despite a greater, swifter 

change in relevant blood markers, mean GIS scores were lower (P = 0.037) for SC (1.5 ± 1.8 AU) than 

SB (2.6 ± 3.1 AU), supporting the suggestion that SC may induce less GIS (Requena et al., 2005). 

Ingestion form therefore clearly impacts GIS in terms of both frequency and severity, with 

encapsulation arguably representing a more palatable, safer alternative to ingestion via aqueous 



 

19 
 

solution. Whilst positive, encapsulation may also significantly influence the magnitude of any changes 

in blood pH and [HCO3
-] and TTP alkalosis within these measures, with different formulations and 

different buffering agents bringing about distinct responses. To administer successfully, researchers 

should consider the unique responses each ingestion mode/form may have both generally and when 

ingesting a particular buffering agent, accounting for distinct individual responses for that buffering 

agent, in this case, SC.  

The ingestion of SC represents a potentially valuable, but as of yet unestablished ergogenic aid and 

may yet provide a beneficial tool for any athlete seeking to gain a competitive advantage, specifically 

when mitigating fatigue is likely to be a crucial factor in determining whether the individual fails or 

succeeds in their given pursuit. Although valuable, the most effective use of buffering agents requires 

the precise development of an optimised ingestion strategy, wherein timing of an appropriate dose is 

managed to ensure exercise coincides with a peak alkalotic response and GIS are reduced to a minimum 

or eliminated. This remains to be achieved using SC and as of yet, it is not possible to conclude on its 

efficacy, especially when compared to SB. Furthermore, existing research supports the individual nature 

of the response to buffering agents and this is also evident following SC ingestion, providing a further 

factor for consideration in an optimised ingestion strategy - one that has yet to be addressed. This thesis 

will therefore address the following aims: 

1) Determine the reproducibility of blood acid-base responses to individualised sodium citrate 

ingestion 

2) Compare blood acid-base and gastrointestinal responses following individualised sodium 

citrate ingestion administered in different capsule formulations 

3) Evaluate the effect of carbohydrate ingestion on blood acid-base and gastrointestinal responses 

following individualised sodium citrate ingestion 

4) Evaluate the effect of sodium citrate ingestion and ingestion timing on repeated 4 km time trial 

performance and associated recovery. 
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The following review of literature seeks to expand on the concepts discussed above, providing a greater 

level of understanding with which to begin the development of a more thorough investigation into the 

efficacy of SC. This review of the literature will begin by outlining the core concepts of acid-base 

balance and highlighting key mechanisms of fatigue during high-intensity exercise in an attempt to 

clarify simply, what buffering agents do and when/where they may do it. The potential mechanism(s) 

of action of SC will then be discussed, commenting individually on how both a positive and negative 

response to supplementation could be observed and how this may influence existing and future research. 

Continuing on, factors modifying the responses to extracellular buffering agents will be assessed, 

highlighting where researchers and athletes may look if they are to bring about the desired response. 

Finally, the state of the current research on SC will be critiqued, with particular attention given to 

research conducted using intense exercise bouts of a short duration.  

 

2.1 The Concept Of Fatigue 

Tracking the development of fatigue as a concept in the exercise sciences back to its inception is 

extremely challenging, undoubtedly stretching back centuries (Marino, Gard and Drinkwater, 2011). In 

his landmark work, Mosso (1904) offered two phenomena to categorise fatigue: “The first is the 

diminution of the muscular force. The second is fatigue as a sensation. That is to say, we have a physical 

fact which can be measured and compared, and a psychic fact which eludes measurement” (p 154). 

Almost 30 years later, Bainbridge (1931) noted that the limits of exercise “has often been ascribed to 

the capacity of the heart alone, but the facts as a whole indicate that the sum of the changes taking place 

throughout the body brings about the final cessation of effort” (p 176). Around this same time, a series 

of studies completed by Hill and Colleagues (Hill, Long and Lupton, 1924a, 1924b, 1924c; Hill and 

Lupton, 1923) introduced the concept of maximal oxygen consumption (VO2max). This concept 

described an individual limit to oxygen uptake (VO2), dictated by the cardiorespiratory systems ability 

to transport oxygen (O2) to skeletal muscle. Furthermore, a high VO2max was a key contributor to 

endurance performance, regulated by cardiac output and elevated arteriovenous O2 difference. Elite 

athletes have demonstrated superior VO2max values (Legaz-Arrese et al., 2007) as a functional response 
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to aerobic training-induced adaptations (Keul et al., 1996; Costill et al., 1976a; 1976b; MacFarlane et 

al., 1991). Basset and Howley (2000) later argued that the ability to sustain greater work rates for 

extended periods is associated with superior O2 efficiency and exercise performance. Specifically, 

maintaining aerobic metabolism as the predominant energy source correlates with a delay in fatigue 

and preservation of improved performance. The upper limit of aerobic metabolism is termed the 

‘anaerobic threshold’, with further increases in work rate resulting in substantial perturbations in 

homeostasis (Ghosh et al., 2004). Broadly, the function of the regulatory and support systems becomes 

inadequate for sustained muscular contraction, or for maintaining the bioenergetics and removal of 

metabolites necessary to sustain work rate (Keyser, 2010). Augmented removal of these metabolites, or 

greater tolerance to their accumulation is necessary to delay negative performance effects. Taken 

together, we return to the proposition of Mosso (1904) who categorised fatigue as being both physical 

and psychological or ‘psychic’ in nature. In this regard, the origins and purpose of fatigue remain 

passionately debated in the 21st century (Marcora and Staiano, 2010; St Clair Gibson and Noakes, 2004; 

Gandevia, 2001) - almost to the point of exhaustion. 

 

2.1.1 Components Of Fatigue 

Fatigue may be defined as an exercise-induced reduction in muscular force generation capacity 

(Gandevia, 2001), coinciding with an increased perception of effort (Enoka and Stuart, 1992) and, is 

often addressed in terms of ‘peripheral’ and ‘central’ components (Noakes, 2007). Peripheral fatigue 

originates at multiple sites, including the neuromuscular junction, the sarcolemma and the contractile 

apparatus, with mechanisms centred around reduced excitation-contraction coupling, an accumulation 

of metabolites (i.e., H+ and inorganic phosphate) and depletion of fuels (i.e. glycogen) (Kent-Braun, 

1999). Alternatively, central fatigue originates from all structures above the neuromuscular junction 

(i.e., central nervous system and peripheral nerves). Mechanistically, central fatigue may be the result 

of reflex inhibition and disfacilitation, Renshaw cell inhibition and insufficient drive from supraspinal 

sites (Gandevia, 1998), possibly due to lack of subject motivation (Allen, Westerblad and Lannergren, 
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1995). The proportion of fatigue contributed by each component is dictated primarily by exercise 

intensity and thus, duration (Enoka and Stuart, 1992). 

Short-duration, high-intensity exercise is limited predominantly by peripheral factors, although 

central factors contribute synergistically (Enoka and Stuart, 1992; Gandevia, 1992). Pertinent to the 

current thesis is the findings of Thomas et al. (2015), who found that 4 km cycling TT’s were influenced 

to a greater degree by peripheral fatigue, as indicated by potentiated twitch force reductions of 40%, vs. 

31% and 29% in 20 km and 40 km TT’s, respectively. This greater contribution of peripheral fatigue 

was attributed to the concept of an individual critical threshold (of peripheral fatigue). Solid evidence 

supports that feedback from the locomotor muscles can inhibit central motor drive, with the purpose of 

limiting peripheral fatigue beyond an individual ‘critical threshold’ (Amann and Dempsey, 2008; 

Amman et al., 2009; 2011; 2013; Gagnon et al., 2012; Hureau et al., 2014).  Where significant 

peripheral fatigue is evident via decreases in potentiated twitch force, or an increasing rate of 

accumulation of fatiguing metabolites (i.e., inorganic phosphate) (Duhamel et al., 2004; Allen, Lamb 

and Westerblad, 2008), there follows a reduced exercise intensity or exercise termination once threshold 

speeds for example, are reached (Amann and Dempsey, 2008; Amman et al., 2009; 2011). Within TT 

exercise, this may manifest in ‘chosen’ reductions in power output (Amann et al., 2011). In addition to 

observed reductions in potentiated twitch force, Thomas et al (2015) reported that the magnitude of 

reductions after the 4 km TT (~35%) were comparable to other studies proposing a critical threshold 

after similar exercise (Amann et al., 2006; 2009; Amann and Dempsey, 2008) and indicated that this 

‘threshold’ was not reached after longer form time trials. In this way critical threshold marks the 

boundary of more sustainable vs. unsustainable exercise, characterised by distinct physiological 

responses (Jones et al., 2008; Burnley, Vanhatalo and Jones, 2012). In line with the exercise model to 

be used in the current thesis, peripheral factors limiting performance will be discussed solely. 

 

2.1.2 Exercise Induced Metabolic Acidosis And H+ Appearance 

Maintaining contractile activity during exercise is dependent on the supply of adenosine triphosphate 

(ATP), utilised by myosin adenosine triphosphatase (ATPase) to fuel the mechanism of cross-bridge 
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cycling between actin and myosin filaments that underpins force production. As intramuscular ATP 

stores are low, sole reliance on them would facilitate exercise for a short time only and so, other 

metabolic pathways are required to resynthesise ATP. These pathways involve both anaerobic, 

substrate-level phosphorylation, and aerobic, oxidative phosphorylation. The major determinants of the 

relative contribution of each pathway are the exercise duration and intensity. During exercise of a high-

intensity there is a rapid, significant increase in metabolic flux (MacDougall, MacDougall and Sale, 

2014) and as a result the slow rate of ATP production through aerobic pathways is insufficient to meet 

the increasing demand. Resultantly, anaerobic pathways are the major energy source of high-intensity 

exercise. 

Anaerobic glycolysis resynthesises ATP utilising glycogen stores from both the liver and 

muscle, or free glucose (Baker, McCormick and Robergs, 2010). The use of glycogen involves nine 

step-wise reactions beginning with glucose-6-phosphate and ‘ending’ with pyruvate formation 

(Robergs, Ghiasvand and Parker, 2004), whilst lactate (La-) production at this stage represents a fulcrum 

between anaerobic and aerobic metabolism (Brooks, 2020).  

Increases in La- concentration ([La-]), which, during high-intensity exercise, may rise up to 40 

mmol/L in muscle fibres and 25 mmol/L in plasma (Sahlin et al., 1976; Spriet et al., 1987; Fitts, 1994; 

Lindinger, McKelvie and Heigenhauser, 1995) were traditionally used to explain the parallel decreases 

in pH in both the blood and muscle (Sahlin et al., 1976; Sahlin et al., 1981; Lehniger, 1982; Sahlin and 

Henriksson, 1984; Hagberg, 1985; Sahlin, 1986; Sahlin, Katz and Henriksson, 1987;  Sahlin, Tonkonogi 

and Soderland, 1998) following exercise. This concept, termed lactic acidosis has been criticized widely 

(Gevers, 1977; 1979; Trump et al., 1976; Williamson et al., 1976; Zilva, 1978; Vaghy, 1979; Wilkie, 

1979; Hochachka and Mommsen, 1933; Busa and Nuccitelli, 1984; Hagberg, 1985; Dennis, Gevers and 

Opie, 1991; Tofaletti, 1991) with substantial evidence indicating La- is instead crucial to exercise 

metabolism (Cairns, 2006; Robergs, Ghiasvand and Parker, 2004). Specifically, La- functions as a 

major energy source (Bergman et al., 1999; Chen et al., 2016; Hui et al., 2017), the major gluconeogenic 

precursor (Bergman et al., 2000; Emhoff et al., 2013; Meyer et al., 2002) and a signalling molecule 

(Brooks, 2009; 2002; Hashimoto et al., 2007). 
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Additionally, through the conversion of pyruvate to La- and nicotinamide adenine dinucleotide (NAD+), 

catalysed by La- dehydrogenase (LDH), a proton is consumed, providing a slight alkalinizing effect 

(Robergs, Ghiasvand and Parker, 2004). Demonstrating thsis, Morris et al. (2011) reported a significant 

increase in [HCO3
-] following exogenous La- supplementation (27.6 ± 1.7 vs. 29.6 ± 2.0 mmol.l-1, P < 

0.05).. Overall, changes in acid-base balance and increases in [La-] at best appear correlative rather than 

causative and as such, La- cannot be deemed responsible for fatigue during high-intensity exercise. 

It is accepted generally that the detrimental effects of La- are more likely due to alterations in 

H+ rather than La- (Fitts, 2003) and research routinely demonstrates that maximal force generation is 

correlated with declining muscle pH (Hermansen, 1981; Sahlin, 1992). Learning from the previously 

‘assumed causation’ between La- and fatigue, evidence from numerous experimental studies 

summarised by Fitts. (2003) supports that an elevated muscle H+ (low pH) could limit muscle function 

by (1) reducing the transition of the cross-bridge from the low to high force state, (2) attenuating 

maximal shortening velocity, (3) inhibiting myofibrillar ATPase, (4) inhibiting glycolytic rate, (5) 

diminishing crossbridge activation by completely inhibiting Ca2+ binding to troponin C, and (6) 

lessening Ca2+ re-uptake by inhibiting sarcoplasmic ATPase. Despite this, the role of acidosis in fatigue 

development is not without challenge, with Westerblad and Allen (2002) reporting no effect of 

increased H+ in limiting Ca2+ sensitivity, maximal tension and shortening velocity and Bangsbo (1996), 

arguing that muscle acidity does not reduce muscle glycogenolysis/glycolysis during intense exercise 

(Bangsbo, 1996). Furthermore, the precise mechanism of H+ generation is also the subject of some 

contention. On one side, H+ production is argued to be the result of ATP hydrolysis, with a 3:1 ratio 

between H+ and La- produced (Bangsbo, Michalsik and Peterson, 1993; Juel, 1998; Robergs, 2002; 

Robergs et al., 2004). On the other, glycogenolysis is responsible for increases in H+ and La- in a 1:1 

ratio (glycogen + 3ADP + 3Pi à 3ATP + 2La- + 2H+) (Juel and Halestrap, 1999; Boning et al, 2005; 

Kemp, 2005). Regardless of stance, H+ is produced in significant quantities following anaerobic 

glycolysis particularly, and as such, changes in H+ likely need to be limited/buffered based on known 

effects on acid-base balance discussed earlier. 
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As established, high intensity exercise represents a significant challenge to acid-base balance, with the 

La- coupled H+ production representing the single largest contributor to pH disturbances during such 

exercise (Juel, 1998). Unsurprisingly, high intensity exercise elicits the largest increases of H+ across 

both extracellular and intracellular compartments (Kowalchuk et al., 1988; Bishop, Edge and Goodman, 

2004; Street et al., 2005).  In the muscle, Kowalchuck et al. (1988) demonstrated that post-exercise H+ 

levels varied by 60% compared to rest (328 mEq.L-1 vs. 132 mEq.L-1, respectively) after maximal 

ergometer exercise. In the interstitial space, H+ was also seen to increase two-fold with knee extensor 

exercise to fatigue (40 ± 5 vs. 80 ± 6 nM). Finally, in the blood, Bishop et al. (2004) observed significant 

changes in H+ (~70%) following repeated sprint exercise (37.7 mmol.l-1 pre vs. 55.6 mmol.l-1 post). 

Collectively, elevated H+ and associated reductions in pH are believed to be critical to the development 

of fatigue and possible exercise termination during high-intensity exercise (Cairns, 2006; Allen et al., 

2008; Fitts, 2008; 2016). 

 

2.2 Acid Base Balance 

2.2.1 Introduction To Acid Base Balance 

Acid-base balance is predominantly the result of [H+] and is expressed in manageable quantities using 

the logarithm termed potential hydrogen (pH) (equation 1). 

(1) pH = -log10[H+]  

Acid-base balance essentially describes the precise physiological and biochemical maintenance of both 

plasma and muscle pH within the ranges of 7.35-7.45 (Goel and Calvert, 2012) and 7.38-7.42 (Atherton, 

2003), respectively.  This dynamic process must be controlled to a high degree due to the powerful 

effects of H+ on cellular function, particularly through alterations in hydrogen bonding and protein 

structure, such as the structure and therefore function of glycolytic enzymes (Atherton, 2003). 

Biochemical sources of H+ include intermediary and end-products of metabolism such as anaerobic 

glycolysis. Intense exercise therefore provides a substantial endogenous source of H+, relative to the 

demands of the specific activity, requiring a range of mechanisms to preserve pH in homeostatic range. 
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One such example is physicochemical buffering, describing a solution containing substances that can 

minimise changes in pH when an acid or base is added to it (Poupin et al., 2012; Worthley, 1977). 

 

2.2.2 Body Buffer Systems: Layman’s View  

A buffer is comprised of two parts, often referred to as a buffer pair. In body fluid, this pair typically 

consists of a weak acid and the conjugate base of that acid. In short, a weak acid is an acid that 

demonstrates only a moderate tendency to dissociate, whereas a conjugate base describes the part that 

remains after the acid loses its proton (H+). This relationship between a weak acid and its conjugate 

base can be seen below (equation 2), with ‘HA’ representing a weak acid and ‘A-’ its conjugate base: 

(2) HA ßà H+ + A- 

 

When [H+] starts to increase, some of the dissolved A- combines with free H+ in what is known as the 

association reaction (equation 3) and can be expressed as: 

(3) A- + H+ à HA 

The net effect of this reaction is the removal of some of the additional H+ from the solution, lessening 

the rise in [H+] and preventing the solution becoming too acidic. In the reverse reaction, termed the 

dissociation reaction, dissolved HA dissociates in response to declining [H+], releasing H+ as shown 

(equation 4): 

(4) HA à A- + H+ 

This reaction serves to replace removed H+, limiting the fall in [H+] and preventing the solution 

becoming too alkaline. Taken together, A- removes H+ and HA serves to control changes in [H+] in 

either direction. The relative rates of these reactions are governed by the law of mass action (Waage 

and Gulberg, 1864) which states that ‘rate is proportional to the product of the concentrations of the 

reactants’. Expressed in terms of the association reaction (H+ + A- à HA), the rate is proportional to 
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[H+] x [A-] therefore, if [H+] were to double but [A-] is stable, the reaction rate doubles. If both [H+] and 

[A-] double, the reaction rate would quadruple and so on. 

To demonstrate buffering in action, consider the example of a buffered solution (HA and A-), 

to which a strong acid such as hydrochloric acid (HCl) is added. When added, HCl rapidly dissociates  

(HCl à H+ + Cl-). The resultant rise in [H+] increases the product of [H+] x [A-], so the rate of the 

association reaction rises. In response to greater [H+], H+ and A- are converted in HA, removing some 

of the H+ from the solution. As this reaction continues [H+] and [A-] fall and [HA] rises. The rate of 

association reaction now declines as the dissociation reaction increases. When these rates become equal, 

a new equilibrium is reached and no more H+ is removed. In this state, [H+] is higher than before the 

addition of HCl, but lower than it would have been in the absence of buffer. Buffers then, resist changes 

in pH but cannot prevent them entirely. 

 

2.2.3 Body Buffer Systems: Interpretation Of Acid Base Balance 

Acid-base balance has typically been interpreted using the Henderson-Hasselbalch equation and focuses 

the interaction between plasma carbon dioxide (CO2) tension (PCO2), plasma bicarbonate concentration 

([HCO3
-]), the negative logarithm of the apparent dissociation constant (pK1’) for carbonic acid (H2CO3) 

in plasma, and the solubility (S) of CO2 in plasma, to determine plasma pH. At equilibrium, this 

interaction can be expressed using the Henderson-Hasselbalch equation, presented below (equation 4): 

(5) pH = pKa + log10 !["#][%"]
" 

 
As part of this approach, the following acid-base disturbances have been defined:  
 

§ Respiratory acidosis (increased PCO2) 

§ Respiratory alkalosis (decreased PCO2)  

§ Metabolic acidosis (decrease extracellular base excess, actual HCO3
- concentration, or standard 

[HCO3
-] {concentration under standard conditions}) 
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§ Metabolic alkalosis (increased extracellular base excess, actual [HCO3
-] concentration, or 

standard [HCO3
-].  

Based on these disturbances, it is evident that increasing [HCO3
-] concentration would shift pH toward 

alkalosis. Alternatively, increasing PCO2 causes the pH to decrease, shifting acid-base balance towards 

acidosis.  

Extracellular buffering of H+ that accumulates in the muscle during high-intensity efforts is 

predominately removed by proton-linked monocarboxylate transporters one (MCT1) and four (MCT4), 

through co-transport with La- in a 1:1 ratio (Juel, 1997; 1998). Based on its high expression in glycolytic 

type IIb muscle fibres (Halestrap and Wilson, 2012) MCT4 is the most prominent. Research also 

suggests that training appears to increase the abundance and activity of MCT transporters (McGinley 

and Bishop, 2017; 2016), unsurprisingly enhancing La-/H+ co-transport in athletes (Pilegaard, Juel and 

Wibrand, 1993). Furthermore, it is routinely acknowledged that increased 

[HCO3
-] increases MCT1 and MCT4 activity, increasing H+ removal (Heibel et al., 2018; Mainwood 

and Worsley-Brown, 1975).  

 

2.3 The Bicarbonate Buffer System 

Physicochemical buffering works to immediately attenuate changes in pH, which demonstrate an 

inverse relationship with [H+]. In the extracellular compartment, the HCO3
- buffer system is 

fundamental to maintaining acid-base balance, responsible for 86% of total buffering capacity, with 

protein and haemoglobin accounting for the other 14% (Poupin et al., 2012). Within the extracellular 

compartment, HCO3
- is attributed with 34% of overall buffering capacity, while proteins and phosphates 

offer 66% of the buffering capacity combined (Atherton, 2009; Poupin et al., 2012). 

The bicarbonate buffer system consists of two main components: (1) a weak acid, (carbonic 

acid (H2CO3) and (2) a bicarbonate salt, (i.e., sodium citrate (SC)) depicted in the reversible equation 

below (Equation 6):  
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(6) CO2 + H2O ßà H2CO3 ßà H+ + HCO3- 

 
This buffer system (and equation) describes the interplay between CO2 and HCO3

-. During metabolic 

acidosis, the increased [H+] content is buffered by HCO3
-, forming more H2CO3, which in turn forms 

CO2 and H2O. Excess CO2 production in this manner stimulates respiration, effectively eliminating CO2 

from the extracellular fluid. During metabolic alkalosis, the opposite occurs, with the overall effect of 

reduced H2CO3 formation, causing CO2 to combine with H2O in replacement. The resultant decrease in 

blood CO2 ultimately inhibits respiration and CO2 expiration rate. The HCO3- buffer is unique in that it 

is not reliant on acid-base status alone (Robergs, 2002; Robergs et al., 2004). Rather, it is dependant  

on HCO3
- availability, carbonic anhydrase and CO2 as described above (Lehninger, Nelson, Cox and 

Cox, 2005). In this way, the rationale for administering buffering agents to increase circulating 

[HCO3
-] emerges. 

 

2.3.1 Respiratory And Renal Compensation 

The HCO3
- buffer system cannot provide acid-base control in isolation beyond the initial period of 

exercise and therefore, additional control systems are required to expel CO2. Secondary control is 

exerted through the respiratory system, which as highlighted above, acts to remove CO2 by increasing 

ventilation and aiming to match the current O2 demand of exercise (Stringer, Casaburi and Wasserman, 

1992). Even though the lungs can maintain or minutely modify pH by changing the partial pressure of 

CO2 (pCO2), this process cannot add or remove H+ (Poupin et al., 2012; Aguilera-Tejero et al., 2000). 

Beyond physiochemical and respiratory control, the kidneys represent the last line of H+ regulation. The 

kidneys are capable of excreting acid or alkaline urine, thereby readjusting the extracellular fluid [H+] 

towards homeostatic levels. Renal compensation acts over multiple days (Poupin et al., 2012) and in 

this regard, exerts limited influence on the maintenance of acid base balance during high-intensity 

exercise. Considering high-intensity exercise (e.g., 4 km cycling TT) is central to the current thesis, 

only physicochemical and respiratory maintenance of acid-base balance will be discussed henceforth, 

with emphasis on the former.  
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Figure 1.1 The bicarbonate (HCO3-) buffer system and its interplay with respiratory and renal 

compensatory mechanism.  

 
 
2.4 Buffering Processes And Mechanisms Of Action: Sodium Citrate 

Extracellular buffering agents such as SB, calcium lactate and SC (Lancha Junior et al., 2015) are 

ingested with a shared purpose: to increase the extracellular [HCO3
-], increasing H+ efflux out of the 

working muscle and in turn, defending acid-base balance (Heibel et al., 2018). Sodium citrate (SC) has 

not received the same research attention as SB and, for this reason, performance effects are not fully 

clarified (Urwin, Dwyer and Carr, 2016) and the precise mechanism by which SC may act is not fully 

understood. Despite an unclear effect on performance, Carr, Hopkins and Gore (2011a) demonstrated 

that several h post-ingestion of SC, [HCO3
-] is higher than with an equimolar dose of SB. The authors 

explained that this greater buffering potential could be explained by citrates three negative charges that 

consume H+ and raise [HCO3
-] (Bird, Wiles and Robbins, 1995) vs. SB’s one (Van Montfoort et al., 

2004). 

Immediately following ingestion, SC rapidly dissociates into Na+ and citrate-. Once dissociated, 

the citrate anion is removed from the plasma, modifying the electrical equilibrium (sum of cations and 

anions becomes unbalanced) (Devlin, 2011). To restore electrical neutrality there is a decrease in H+ 
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and an increase in [HCO3
-], signature of the alkalotic state following buffering agent ingestion (Fabiato 

and Fabiato, 1978; Enoka and Stuart, 1992; Shave et al., 2001). Although unclear, the higher pH 

induced by SC ingestion may promote a greater efflux of La- through MCT1 and MCT4 and, out of the 

working muscle (Fabiato and Fabiato, 1978; Mainwood and Worsley-Brown, 1975; Oster et al., 1988; 

Potteiger et al., 1996). Despite this, it is argued that the H+ consumption and HCO3
-production are 

instead due to liver oxidation, not the intake of SC (Kamel, Halperin and Goldstein, 2010). The 

sarcolemma is impermeable to HCO3
- (Mainwood and Worsley-Brown, 1975; Mainwood and Cechetto, 

1980; Costill et al., 1984; Katz et al., 1984) and although citrate- can penetrate this membrane by an 

unknown mechanism (Devlin, 1997), HCO3
- requires a specific carrier (Devlin, 1997). Within muscle 

fibres, citrate- is an important co-factor in multiple metabolic processes (Devlin, 1997): (1) as an 

intermediary for the Krebs cycle (Kowalchuk et al., 1989; Stewart, 1983), (2) in the transport of acetyl 

CoA from the mitochondria to cytosol for free fatty acid synthesis (Devlin, 1997; Linossier et al., 1997), 

(3) as a negative allosteric effector of phosphofructokinase (PFK) (Kemp and Foe, 1983; Devlin, 1997) 

and (4) by influencing membrane potential, it may cause a reduction in contraction threshold (Kemp 

and Foe, 1983; Devlin, 1997). Given SC influences La- kinetics and La- in turn blocks PFK (Faff et al., 

1996), SC ingestion may also act through the inhibition of glycolytic mechanisms whilst La- continues 

to form to a greater degree post-ingestion. Alternatively, Street et al. (2005) found that alkalosis 

associated with citrate- ingestion reduced the interstitial potassium (K+) accumulation during intense 

exercise. Given the accumulation of K+ contributes to the onset of fatigue (Fitts, 1994) and reduces 

muscle excitability (Clausen, 2003), reducing interstitial K+ accumulation during exercise is associated 

with improved performance (Nielsen et al., 2004) and may explain any potential effect of SC. Further 

quality studies are required to greater isolate the mechanism(s) of action following SC ingestion. 

 

2.5 Sodium Citrate: Factors Modifying Individual Responses. 

2.5.1 Increases In Circulating Bicarbonate 

To achieve the desired ergogenic effect, supplementing extracellular buffers must be followed by an 

increase in circulating [HCO3
-], with any increases theoretically leading to a corresponding 
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improvement in buffering capacity (Heibel et al., 2018). Carr et al. (2011a) proposed that a  

>5 mmol.L-1 increase from baseline translates to a ‘likely’ ergogenic effect, while a + 6 mmol.L-1 

increase leads to almost certain ergogenic effects. At present, the minimal change necessary to bring 

about performance effects is unknown, which has important implications for balancing GIS associated 

with extracellular buffers (Urwin et al., 2016). Some studies have shown mean increases as low as  

>2.5 mmol.L-1  to improve exercise tolerance (Morris et al., 2011) although £ 2 mmol.L-1  seems 

insufficient (Painelli et al., 2014). Interestingly, Gough et al. (2017b) demonstrated that although 

absolute differences in maximal HCO3
- increases between 0.2 and 0.3 g.kg-1 BM were ~ 1 mmol.L-1, this 

did not result in altered 4 km TT performance, suggesting such a difference may not be meaningful. 

Arguing this, Saunders et al. (2014) found no correlations between magnitude of change in any 

blood values (HCO3
-, pH and base excess (BE)) and exercise capacity, suggesting that positive/negative 

responses may be only partially explained by blood [HCO3
-].  This supports the earlier observations of 

Matson and Tran (1993) who reported the difference in bicarbonate to be less than weakly associated 

with the resulting effect size of improvements (r = 0.10, p = 0.10). Based on work surrounding SB, 

these discrepancies may be explained by the large individual variation and consistency in blood 

responses (Stannard et al., 2016; Dias et al., 2015). This is best illustrated in the work of Stannard et 

al. (2016), who found a large inter-individual variability in magnitude of the increase in [HCO3
-] 

following each dose (+2.0-5; +5.1-8.1; and +6.0-12.3 mmol.L-1 for 0.1, 0.2 and 0.3 g.kg-1 BM) and in 

TTP concentrations (30-150; 40-165; and 75-180 min for 0.1, 0.2 and 0.3 g.kg-1 BM). At present, 

reproducibility of individual blood responses (and subsequent performance) has not been investigated 

following SC ingestion. If any effect of SC (or lack of) on performance is to be clarified, it is important 

that individual TTP is investigated, providing the greatest chance for an ergogenic effect to occur which 

has not yet been afforded consistently.  

 

2.5.2 Ingestion Timing  

Enhancing buffering capacity through optimal dosing of extracellular buffers appears relevant only if 

this time point coincides with the onset of exercise. To this end, numerous investigations in SB (Gough 
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et al., 2017a; 2017b, Jones et al., 2016, Sparks et al., 2017), La- (Northgraves et al., 2014; Painelli et 

al., 2014) and in SC, most notably through Urwin et al. (2016) have collectively argued that a 

generalised time point is unlikely to be optimal for all individuals, based on the large variance in 

individual TTP. Although findings have supported a minimum of 100-120 (Potteiger et al., 1996) to 

≥180 min (Urwin et al., 2016; 2019) required to reach peak alkalosis, many investigations have sought 

to commence exercise within 90 min of SC ingestion (Kumstat et al., 2018; Schabort et al., 2000; Shave 

et al., 2001). As a result, the unclear performance effect of SC may be explained by a failure to reach a 

state of peak alkalosis at the onset of exercise (de salles Painelli and Lancha Junior, 2018). Of the 23 

studies summarised in table 2.1, at least 12 commenced exercise before the proposed minimum period 

of 100-120 min (90 min or less). As suggested earlier, this may be due to the negative influence of 

existing SB research, which is associated with a much shorter TTP (de salles Painelli and Lancha Junior, 

2018).  

The value of determining individual TTP for repeat ingestion is only maintained first, if 

subsequent blood responses are reproducible. At present this consistency has only been demonstrated 

in SB. Gough et al. (2017a) revealed both blood pH and HCO3
-  response to be reproducible in male 

collegiate athletes, finding HCO3
- to be the most reliable across doses of 0.2 and 0.3 g.kg-1 BM and 

therefore recommending its use in determining individual TTP. Second to the ability to reproduce blood 

responses, determining individual TTP for repeat ingestion is only of value if consistent blood responses 

then translate to valuable performance improvements. In this light, Miller et al (2016) significantly 

improved repeated sprint performance following 0.3 g.kg-1 BM SB vs. placebo and control, when 

exercise begun at each individual’s predetermined ingestion peak pH response time. Developing from 

his earlier work, Gough et al. (2017b) individualised SB ingestion in eleven male, trained cyclists. Both 

0.2 and 0.3 g.kg-1 BM doses reduced 4 km TT completion time (-8.3 ± 3.5 s; p < 0.001, d = 0.64 and -

8.6 ± 5.4 s; p = 0.003, d = 0.66 respectively), with no difference between conditions. The authors 

concluded that trained cyclists may therefore benefit from individualising SB ingestion to TTP [HCO3
-

] to aid 4 km TT performance. Only one known study has directly compared exercise performance at 

peak circulating HCO3
- vs. a generalised time point post-ingestion. Boegman et al. (2020) observed a 2 
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s improvement in 2000 m rowing performance with individualised compared to generalised timing 

(367.0 ± 10.5 s vs. 369.0 ± 10.3 s). Given the lack of further evidence over a range of fatiguing exercise 

tasks, it remains difficult to conclude on the additive benefit of individualisation. For SC, it would 

appear logical to first develop a strategy to consistently facilitate performance benefits generally, before 

maximising these further.  

 

2.5.3 Gastrointestinal Side Effects 

The occurrence of GIS following the ingestion of SC and other buffering agents is relatively common, 

with stomach cramps, vomiting and diarrhoea forming the most frequent complaints (Urwin et al., 2019; 

Urwin, Dwyer and Carr, 2016). Although performance benefits may still occur in the presence of GIS 

(Carr et al., 2011b), this is likely to be at least ergolytic for some (McNaughton et al., 2016; Saunders 

et al., 2014) or may discourage supplementation completely (Knapnik et al., 2016; Heibel et al., 2018). 

Earlier discussions highlighted that the most intense GIS appear to occur between 60-120 min post-

supplementation (Urwin et al., 2016) and as such, exercise following a standardised 90-min ingestion 

protocol (Kumstat et al., 2018; Schabort et al., 2000; Shave et al, 2001) may have begun at, or around, 

peak GI discomfort, hindering any possible ergogenic effects (Heibel et al., 2018). Referring to table 

2.1, it can be observed that 14 of the 21 studies included may have commenced exercise during this 

period, possibly clouding any results reported. Despite this, it must be considered that GIS responses 

do not entirely explain any effects or lack thereof (Heibel et al., 2018) and even where such discomfort 

may influence performance, this differs to an unknown degree between individuals (McNaughton, 

Siegler and Midgley, 2008). Nonetheless, timing of SC ingestion appears to have been sub-optimal 

across existing research. 

Appropriate supplement timing (of the minimum effective dose) represents a crucial method in 

balancing the necessary increases in circulating HCO3
- whilst minimising associated side-effects. 

Where existing studies investigating SC have predominately standardised ingestion timing, 

individualising based on TTP (blood pH or [HCO3
-]) would likely avoid performing exercise when peak 

symptoms are most likely and/or circulating HCO3
- is sub-optimal to produce a likely performance 
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effect. Importantly, determining individual TTP blood [HCO3
-] may support the use of a lower dose, 

with Gough et al. (2017a) reporting similar maximal increases between both 0.2 g.kg-1 and 0.3 g.kg-1, 

with no significant differences in 4 km TT performance between doses. Given dose contributes 

significantly to any GIS following SC ingestion (McNaughton, 1990; Schabort et al., 2000; Urwin, 

Dwyer and Carr, 2016), optimising total quantity should be synonymous with any individualised 

strategy based on TTP and again, represents a further increase in the likelihood of any performance 

effect.  

 

2.5.4 Ingestion Form 

Acute GIS associated with the ingestion of buffering agents is common, particularly when administered 

in an aqueous solution (Carr et al., 2011b). In response to large quantities of SB entering the stomach 

in this manner, there is an increased absorption of sodium (Na-) in the small intestine and a subsequent 

rise in plasma Na- levels (Heigenhauser, 1990). This exchange of Na- promotes an elevated stomach 

PCO2 and diffusion of CO2 into the plasma, influencing the already acidic stomach environment 

(Heigenhauser, 1990) and promoting the commonly described side effects. 

In an attempt to mitigate these symptoms, researchers have administered SB in capsule form, 

with the use of GEL capsules, co-ingested with a small CHO meal (1.5 g.kg-1 BM) currently regarded 

as the least likely to induce significant GIS (Hilton et al., 2019; Carr et al., 2011a). Although numerous 

approaches exist, the key mechanism is an attempt to exploit the significant pH changes across the GI 

tract, from the highly acidic stomach (pH 1-2) to the less acidic duodenum (pH 6-7) (Ibekwe et al., 

2008a; 2008b). Formulations can ultimately be designed to respond to changes in the pH and 

disintegrate at the desired location, for buffering agents this involves bypassing the stomach where GIS 

originate (Heigenhauser, 1990).  

Polymeric-coated compounds are resistant to gastric degradation and may reduce GIS induced 

by acid sensitive compounds, i.e. SB (Barbosa, Conway and Merchant, 2017). Hydroxypropyl 

methylcellulose, used in DEL capsules, can resist degradation in acidic environments (pH 1-2) and 

therefore provides gastro-resistant properties. Alternatively, degradation takes place in the more 
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alkaline duodenum and absorption can take place promptly (Hilton et al., 2019). As GIS are partly 

attributable to degradation in the stomach (Turnberg et al., 1970), gastro-resistant capsules may 

alleviate negative symptoms of buffering-agent ingestion (de Oliveira, Saunders and Artioli, 2018). De 

Oliveira, Saunders and Artioli (2018) expand this further, suggesting that given that less HCO3
- is lost 

in the stomach, smaller doses may produce similar acid-base changes to larger doses. Opposingly, 

reductions in gut transit time may reduce HCO3
- bioavailability when administered in this form 

(Barbosa, Conway and Merchant, 2017). Applying this, Hilton et al. (2019) found that DEL capsules 

containing 0.3 g.kg-1 BM SB produced a significant delay in peak alkalosis vs. an equal dose solution 

(~ 48 min) and reduced overall incidence and severity of GIS (mean difference = 45.1 and 47.5%, 

respectively, P > 0.001). Although these findings may simply be the result of the DEL capsules, a 

difference between the ingestion of buffering agents in capsule vs. solution appears to exist (Urwin et 

al., 2019). In continuation, Hilton et al. (2020a) sought to clarify how different encapsulation forms 

may alter post-ingestion GIS and acid-base balance of buffering agents (SB). Administering 0.3 g.kg-1 

BM of SB in GEL, DEL and ENT capsule-form, they observed a reduced frequency of GIS was noted 

with ENT SB (N = 12) compared to GEL (N = 14, P = 0.012), but not relative to DEL capsules (N = 

12, P = 0.106). Overall, ENT capsules provided the greatest reduction in symptom severity against both 

GEL and DEL capsules (2.8 ± 1.9 vs. 7.0 ± 2.6 (P > 0.001) and 4.6 ± 2.8 (P = 0.044) AU, respectively). 

Simultaneously, ENT capsules were associated with reductions in both blood pH and [HCO3
-] 

suggesting improved GIS outcomes may have emerged at the expense of a more substantial blood 

alkalotic response. In summary, encapsulation may offer greater defence against GIS following SC 

ingestion, with differing effects on blood alkalosis. Further work is required to determine the identical 

responses in SC (McNaughton et al., 2019). 

To date, SC has been administered in a solution (dissolved in water) (Bracken, Linanne and 

Brooks, 2005), flavoured solution (sweetened sports drink) (Tiryaki and Atterbom, 1995; Urwin et al., 

2016) and capsules (Vaher et al., 2015, Van Montfoort et al., 2004) with varying effects. Most recently, 

Urwin et al. (2019) found that the ingestion of 0.5 g.kg-1 BM in capsule form demonstrated a 

significantly greater peak and change from baseline (pH and HCO3
-), which occurred later vs. solution. 
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This study provides the first comparison of blood and GIS responses between capsule and ingestion 

form, supporting the ingestion of 0.5 g.kg-1 BM in capsule form over solution, at least 180 min pre-

exercise.  

The work of Urwin et al. (2019) is novel in its indirect measurement of palatability, based on 

rating one’s sensory experience and overall preference for a food or fluid (Yeomans, 1998). Capsules 

were found to be significantly more palatable than solution (P < 0.001) which in turn, would increase 

the likelihood that an athlete would adhere to a supplementation protocol, for example (Urwin et al., 

2019). The salty taste associated with SC in solution may explain why some individuals may avoid 

ingestion and explain the lower palatability scores generally and vs. capsules (Bolhuis et al., 2011; 

2012). Such outcomes are typically reported when foods or fluids provide a relatively intense stimuli 

for one specific taste (bitter, sweet, salty etc.) (McCrickerd and Forde, 2016) and in this regard, Urwin 

et al. (2019) speculated that the indistinct taste of the capsules may have been somewhat responsible 

for the improved palatability. This also supports the value in masking the salty taste of SC in a flavoured 

sports drink or other alternatives. vs. administering a simple solution where capsules are not available.  

 

2.6 Sodium Citrate Ingestion For Exercise Performance 

2.6.1 Overview 

Although SB represents the clear majority of extracellular buffering literature, SC has also been the 

subject of numerous investigations for over 30 years (Parry-Billings and MacLaren, 1986). Several 

studies demonstrated that SC ingestion effectively increases blood pH, inspiring exploration of its 

ergogenic effect (Carr, Hopkins and Gore, 2011a). McNaughton (1990) conducted the first dose-

response study utilising SC and sought to highlight the subsequent impact on anaerobic exercise 

performance. It was concluded that a 0.5 g.kg-1 BM dose was the most effective in improving maximal 

cycling (1-min on a cycle ergometer) with the greatest quantity of work (44.6 ± 1.5 kJ) and peak power 

(1306 ± 75 W) achieved during this trial. As a result of this investigation, the use of a 0.5 g.kg-1 BM 

dose is commonplace in the SC literature with the more recent work of Urwin et al (2016) supporting 

this dose as one which maximises alkalosis, while doses >0.5 g.kg-1 BM may promote significantly 
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greater GIS. Developing this, McNaughton and Cedaro (1992) sought to then evaluate the effect of SC 

on exercise of varying duration (10, 30, 120 and 240 s). A 0.5 g.kg-1 BM provided no ergogenic benefit 

for exercise of 10 and 30 s despite significant increases in blood HCO3
- , although exercise of 120 and 

240 s were significantly increased above control and placebo conditions (P < 0.05) post-ingestion. The 

work of McNaughton and Cedaro (1992) possibly provided the first example of the influence exercise 

task may have of the erogenicity of SC . If improvements are to be gained from increases in buffering 

capacity, exercise must be limited by increased H+ accumulation (Heibel et al., 2018). In support, 

Bogdanis et al. (1998) suggested that exercise of 30 sec duration (cycling sprint) is unaffected by 

changes in muscle pH, where endurance-based exercise increasingly relies on aerobic metabolism 

without further changes in muscle acidosis. Although limited support argues that buffering agents may 

benefit longer duration exercise (Egger et al., 2014; McNaughton, Dalton and Palmer, 1999), most 

studies report no improvement in continuous endurance exercise following ingestion (Northgraves et 

al., 2014; Vaher et al., 2015; Schabort et al., 2000; Stephens et al., 2002; Freis et al., 2017). Of note, 

Higgins et al. (2013) observed increases in exercise capacity at 100% peak minute power, but not at 

110 or 120% despite exercise falling within the range of an ’expected effect’. Clearly then, both duration 

and intensity should be considered in equal parts. In line with the aims of the current thesis, the 

following section (section 2.6.2) will critically review the effects of SC on short-duration exercise 

performance, taking time where possible to address previously discussed factors that may modify the 

individual response and have contributed to the unclear ergogenic effect of SC (Carr, Hopkins and Gore, 

2011a). 

 

2.6.2 Short Duration (<10 min) Performance 

Most research interested in exercise of a short-duration has been conducted within both cycling and 

running (Table 2.1).  Early work by Cox and Jenkins (1994) investigated the physiological and 

ventilatory responses to repeated cycling sprints following SC ingestion. Although supplementation 

induced significant changes in selected ventilatory and blood variables which were comparable to 

similar research (Bouissou et al., 1988; Parry-Billings and MacLaren, 1986; Costill et al., 1984; Wilkes 
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et al., 1983), this was not reflected in an improved work output. Contrastingly, pre- to post-exercise 

blood [HCO3
-] showed a 12% greater reduction following citrate- vs. the placebo, suggesting a greater 

extracellular H+ buffering during exercise which failed to influence work output. The absence of such 

an improvement was attributed to the nausea reported by participants and may also be explained by the 

use of a fixed, 90 min ingestion strategy whereby the onset of exercise may have coincided with peak 

GIS (Heibel et al., 2018).   Utilising a 90 min, fixed time point by researchers has demonstrated mixed 

results concerning the erogenicity of SC with performance improvements observed in some (Linossier 

et al., 1997; McNaughton, 1992; 1990), but not all applicable studies (Oopik et al., 2008; Van Someren, 

Fulcher and McCarthy, 1999; Cox and Jenkins, 1994).   Discrepancies in performance improvements 

may have arisen from inconsistent doses utilised (0.3-0.5 g.kg-1 BM) and well-documented inter-

individual variation in blood acid-base responses (Urwin et al., 2016; 2019) meaning some individuals 

may have exercised when personal buffering capacity was sub-optimal. 

Current observations propose that minimum of 100-120 (Potteiger et al., 1996) up to ≥180 min 

(Urwin et al., 2016; 2019) is required to promote a peak alkalotic response following SC ingestion. 

Interestingly, studies deploying timing of at least 120 min have also returned inconsistent results. 

Deploying a 180 min time-point, Parry-Billings and MacLaren (1986) significantly improved 3 x 30 s 

Wingate performance with only a 0.3 g.kg-1 BM dose. Alternatively, Ibanez et al. (1995) found no 

change in 300-metre running times in elite athletes following a higher dose (0.5 g.kg-1 BM) taken at an 

identical time point. Although this may be explained by a potentially lower H+ accumulation over the 

slightly shorter running event, an argument may be made that timing is more impactful than dose, when 

applied to an appropriate exercise task. However, even when exercise task (5km run), dose (0.5 g.kg-1 

BM) and timing strategy (120 min prior to exercise) is matched results still remain inconsistent with no 

performance improvements in young male athletes (Oopik et al., 2008) but, significant reductions in 

time to completion in college runners (~30.6 s). Of note, the former was conducted using a competitive 

race setting vs. a lab-controlled treadmill runs in the latter which may somewhat explain differences 

given the tighter implementation of experimental controls and reductions in external influences.   
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Given such a wide mixture of ingestion strategies have been deployed, eliciting an equally 

mixed body the unclear ergogenic effect attributed to SC is unsurprising (Carr, Hopkins and Gore, 

2011a). Based on the developing understanding of modifying factors that may positively or negatively 

impact any ergogenic effect of buffering agents it is too early to conclusively disregard the ability of 

SC to improve 4 km TT performance. Contrasting findings with previous literature where possible, 

future research requires a more consistent, informed approach to understanding the application of SC 

and as such, determining the efficacy of an individualised ingestion strategy on blood acid-base and 

performance reproducibility represents a logical place to start.  
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Table 1.1. An overview of key performance findings in cycling, running, swimming and ‘other’ exercise modes following sodium citrate ingestion. 
*Timing given describes the time elapsed between administered dose and onset of exercise. *TT = Time Trial. 
 

Authors Exercise protocol Participants 
 

Dose and timing 
 

Performance change Significant difference 
(p < 0.05) 

Cycling 
Suvi et al 
(2019) 

Dehydrating exercise-rest-40 
km TT 

20 male endurance 
athletes 0.6 g.kg-1 BM– 360+ min No impact on subsequent 40 

km TT N 

Feriche 
Fernandez-
Castanys et 
al (2002) 

Cycling at ~112% of peak 
oxygen uptake 

17 healthy male 
students 0.4 g.kg-1 BM– 120 min No difference in time to 

exhaustion N 

Schabort et 
al (2000) 40 km TT  8 trained male 

cyclists 
0.2, 0.4 and 0.6 g.kg-1 BM – 

60 min 

No differences across time, 
power output, speed or heart 

rate 
N 

Van 
Someren, 
Fulcher and 
McCarthy 
(1999) 

Repeated 45 s cycling bouts 12 subjects (9 male 
and 3 female) 0.3 g.kg-1 BM – 90 min 

Citrate did not significantly 
improve intermittent exercise 

performance 
N 

Ball and 
Maughan 
(1997) 

Cycle to exhaustion at 100% of 
peak oxygen uptake 6 healthy males 0.3 g.kg-1 BM – 180 min No performance effect N 

Linossier et 
al (1997) 

Cycling at 120% peak oxygen 
uptake 

8 moderately active 
students (3 women 

and 5 men) 
0.5 g.kg-1 BM – 90 min Increased time to exhaustion 

(+15%) Y 

Potteiger et 
al (1996) 30 km TT  8 trained male 

cyclists 0.5 g.kg-1 BM – 90 min 
Mean performance time was 

significantly faster 
(-102.7 s) 

Y 

Cox and 
Jenkins 
(1994) 

60 sec sprints (cycling) 8 moderately active 
male students 0.5 g.kg-1 BM – 90 min No change in total work done N 
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McNaughto
n and 
Cedaro 
(1992) 

All-out cycling (10, 30, 120, 
240 s) 10 healthy men 0.5 g.kg-1 BM – 90 min 

Significant improvements in 
total work done over 120 and 

240 s 
Y 

McNaughto
n (1990) 1 min maximal cycling 11 healthy males 0.1, 0.2, 0.3, 0.4 and 0.5  

g.kg-1 BM – 90 min 

0.5 g.kg-1 BM provided the 
most significant 

improvement in work done 
and peak power 

Y 

Parry-
Billings 
and 
MacLaren 
(1986) 

3 x 30 s Wingate anaerobic tests 6 healthy males 0.3 g.kg-1 BM – 180 min Citrate significantly elevated 
performance Y 

Running 

Cunha et al 
(2019) 

Tennis skills and sprint ability 
shuttle tests 

10 nationally-
ranked young male 

tennis 
0.5 g.kg-1 BM – 120 min 

Citrate improved tennis skills 
and correlated test 

performance 
Y 

Vaher et al 
(2015) 2 x 500 m (treadmill) 16 endurance 

trained males 0.5 g.kg-1 – BM 120 min No performance 
improvement N 

Oopik et al 
(2008) Competitive 1500 m 17 female middle-

distance runners 0.4 g.kg-1 BM – 90 min No performance effect N 

Oopik et al 
(2004) Competitive 5 km run 10 young male 

runners 0.5 g.kg-1 BM – 120 min No performance effect N 

Van 
Montfoort 
et al (2004) 

Treadmill run to exhaustion test 
15 competitive 
male endurance 

runners 

0.525 g.kg-1 BM - 90 
min 

Increased mean time to 
exhaustion (+0.8 s) Y 

Oopik et al 
(2003) 5 km (treadmill)  

17 well trained, 
male college 

runners 
0.5 g.kg-1 BM – 120 min Reduced mean time to 

completion (-30.6 s) Y 

Shave et al 
(2001) 3 km run 

9 multidisciplinary 
athletes (2 women 

and 7 men) 
0.5 g.kg-1 BM – 60 min Reduced mean time to 

completion (-10.7 s) Y 

Ibanez et al 
(1995) 300 m sprint running 6 elite 400m 

runners 0.5 g.kg-1 BM – 180 min No change in performance 
times N 
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Tiryaki and 
Atterbom 
(1995) 

600 m run 11 female track 
athletes 0.3 g.kg-1 BM – 150 min No change in performance 

times N 

Swimming 
Kumstat et 
al (2018) 400 m freestyle test 6 nationally ranked 

male swimmers 0.3 g.kg-1 BM – 60 min Reduced time to completion 
vs. placebo N 

Russel et al 
(2014) 200 m TT’s 10 male swimmers 0.5 g.kg-1 acute dose and 0.6 

g.kg-1 BM chronic – 120 min 
Modest time improvements 

(~1.03%) Y 

Other 
Aedma, 
Timpmann 
and Oopik 
(2015) 

Hand crank, upper-body 
intermittent sprint performance 

11 trained male 
wrestlers 

0.9 g.kg-1 (over 17 h) – 30 
min 

No improvement in peak 
power on mean power in 

consecutive tests 
N 
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2.7 Reproducibility Of Blood Acid-Base Balance Responses 

Individual characteristics (i.e. genetics, training status and dietary habits) may hinder or improve the 

physiological response to an identical nutritional intervention (Jeukendrup, 2017). Despite this, 

common practice seeks to determine the ergogenicity of a nutritional aid based on a single treatment, 

comparing the mean differences between groups/trials (Hecksteden et al., 2015) and ultimately 

overlooks inter- and intra-individual detail.  

Despite a relatively large body of research supporting the use of SC in particular situations, 

research as a whole has been unable to demonstrate a clear ergogenic effect (Carr, Slater and Gore, 

2011a). Contradictory results repeatedly emphasize that the ergogenic effect of increased [HCO3
-] is 

variable and that this variability is in part the result of differing individual responses. This is clear in 

the large discrepancy in individual TTP alkalosis which may occur 100-120 (Potteiger et al., 1996, 

Requena et al., 1996) min post-ingestion in some individuals or up to 180+ min in others (Urwin et al., 

2016; 2019) after equivalent SC doses. Further substantiating this, TTP alkalosis in SB has been 

observed to occur between 10-180 min post-ingestion (Miller et al., 2016). It is important to note the 

differing TTP values across studies may be the result of varying ingestion forms deployed, although 

individual variance undoubtedly remains.  

A contemporary approach to this issue is to individualise the ingestion strategy, the efficacy of 

which remains untested with SC. Based on recent developments in SB research however, it is logical 

to suggest that an individual response would produce a clearer, more consistent ergogenic effect. To 

achieve a beneficial effect of induced alkalosis requires an appropriate time for the H+ gradient to 

develop between the intramuscular and vascular compartments and therefore a larger effect would likely 

follow if peak elevations in pH (or HCO3
-) are calculated prior to exercise (McNaughton and Cedaro, 

1991). Stannard et al. (2016) reported large inter-individual variations in TTP [HCO3
-] (0.2 g.kg-1 BM 

= 40-165 min; 0.3 g.kg-1 BM = 75-180 min), first challenging the use of group-level analysis following 

SB ingestion at a fixed timepoint (McNaughton et al., 2016; Saunders et al., 2014; Siegler et al., 2012).  

Miller et al. (2016) was the first to deploy an individualised approach to ingestion, aiming to augment 

repeated sprint ability. Total work completed was higher (P < 0.05) in the SB condition (69.8 ± 11.7 
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kJ) compared with both the control (59.6 ± 12.2 kJ) and placebo (63.0 ± 8.3 kJ) conditions. Furthermore, 

SB ingestion induced higher (P < 0.05) blood pH and [HCO3
-] pre-exercise and during the sprints, 

followed by higher [La-] (P < 0.05) after the sprints were completed. Taken together, an individualised 

strategy successfully increased buffering capacity which facilitated a greater total amount of work 

completed. Since then, a handful of further work in SB has successfully demonstrated the value of an 

individualised approach (Deb et al., 2018, Gough et al., 2017a; 2017b). 

In athletes and coaches for example, efficiently using their finite time and resources is of utmost 

importance. Where nutritional aids are concerned, this requires sufficient data to guide a positive 

response and secondly, must have evidence that this response can be achieved consistently. Therefore, 

a better understanding of the reproducibility of blood analytes (pH and HCO3
-) following acute SC 

ingestion and its interplay with daily biological variations i.e., potential renal acid load (Poupin et al., 

2012; Remer, 2001; Remer and Manz, 1995), is highly important. Such daily biological variations may 

influence the erogenicity and consistency of an individualised ingestion strategy. Deb et al. (2018) first 

observed an ICC of r = 0.60 for the absolute change in pH from baseline across two repeated SB trials, 

demonstrating a fair to good level of reproducibility only and indicating some intra-individual variation. 

Gough et al. (2017a) also quantified the reproducibility of both pH and HCO3
- following 0.2 and 0.3 

g.kg-1 BM doses, finding bicarbonate to display a greater reproducibility than pH for both TTP and 

absolute change. This provided substantial support for the ability of an individualised strategy to 

consistently promote peak alkalosis before exercise. Eliciting such a response is only of value if this 

translates to positive performance responses that are also consistent, for this Gough et al. (2017b) 

investigated the reproducibility of 4 km TT performance following individualised HCO3
- 

supplementation. Eleven trained cyclists completed five, 4 km TT’s following the ingestion of 0.2 and 

0.3 g.kg-1 BM SB twice or after no supplementation in the control trial. Based on their earlier work 

(Gough et al., 2017a) suggesting HCO3
- to be more reliable vs. pH, mean absolute change from baseline 

to peak [HCO3
-] was good (r = 0.68) to excellent (r = 0.78) following 0.2 g.kg-1 BM and 0.3 g.kg-1 BM 

doses respectively. Significantly, performance responses following both doses displayed excellent 
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reproducibility (r = 0.97 to 0.99). The use of a TTP strategy seems a valuable tool for maximising the 

likelihood of a consistent performance effects and identical investigations in SC are required.  

 

2.8 Four-Kilometre Time Trial To Assess The Efficacy Of Sodium Citrate 

Determining the efficacy of the selected exercise protocol is based on the degree to which the protocol 

is able to test the desired variable; SC acting mechanism. For this the 4 km TT appears appropriate, 

given the typical completion times of between ~4 min for world class athletes and up to 7 min for 

recreational athletes fall within the period whereby SC could exert an ergogenic effect (Carr, Hopkins 

and Gore., 2011a). Across both SB and SC research, the application of ecologically valid protocols is 

limited. Infrequent use of a 4 km TT, especially in SC research (0 articles), comes despite the 4 km TT 

representing a common distance for competing track and road cycling athletes. Nonetheless, cycling 

remains the most commonly researched sport in buffering agent research (Carr, Hopkins and Gore, 

2011a). 

Research evaluating the influence of SB on TT performance has returned mixed results 

concerning its erogenicity (McNaughton et al., 2016). A handful of studies using the 4 km TT have 

revealed minimal to no ergogenic effects following SB ingestion (Callaghan et al., 2017; Correia-

Oliveira et al., 2017) although this may be explained in part, by the use of an ineffective ingestion 

strategy that may not have induced peak individual buffering capacity. Moreover, recent evidence 

suggests that ingesting SB based on individual TTP alkalosis is valuable in eliciting consistent 

ergogenic effects (Miller et al., 2016; Deb et al., 2018, Gough et al., 2017a, 2017b). Crucially, Gough 

et al. (2017a, 2017b) demonstrates that this strategy is associated with reproducible blood acid-base 

responses which are reflected in performance improvements which are also reproducible. Such evidence 

is yet to be obtained for SC.  

Current evidence supports a greater degree of performance reproducibility in trained vs. lesser 

trained individuals (Gough et al., 2017b; Carr et al., 2012; Bird et al., 1995). This higher degree of 

performance reproducibility may be explained by the ability of trained athletes to better pace themselves 

for the exercise bout. This process is based on a greater knowledge of the distance to be completed 
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(Mauger, Jones and Williams, 2009), experience or practice of the exercise (cycling) (Mauger, Jones 

and Williams, 2010; 2009), feedback (Mauger, Jones and Williams, 2011; 2010; 2009) and differing 

levels of motivation to exercise to functional capacity (Mauger, Jones and Williams, 2011) in the face 

of the accumulating peripheral fatigue during a 4 km TT (Thomas et al., 2015). To this end, Ansley et 

al. (2004) found that the pacing strategies adopted by high-level cyclists during three successive 4 km 

TT that each elicited maximal VO2 response was remarkably similar, with only distance covered 

provided by the researchers. This was also reflected in with similar average power outputs (TT1 447 ± 

30 W; TT2 425 ± 33 W; TT3 434 ± 33 W) and imaging electromyography (iEMG) activity,  which was 

comparable from 60  to 300 s. 

 

2.9 Summary  

The numerous, key investigations that have assessed SC as ergogenic aid to augment high-intensity 

exercise performance have been discussed in this review. Although most research agrees that  

0.5 g.kg-1 body mass of SC appears optimal for performance benefits (McNaughton, 1990; Schabort et 

al., 2000; Urwin et al., 2016) a number of key discrepancies in ingestion protocol and study design have 

rendered the ergogenic effect of SC unclear (Urwin, Slater and Gore, 2011a). Firstly, the time allowed 

between the ingestion of SC and the onset of exercise is varied, with many studies opting for a fixed 

time point, often utilising a 90 min time point as influenced by SB research (Urwin et al., 2016). This 

comes despite evidence supporting large inter-individual variation in peak responses and a minimum 

period of 100 min (Potteiger et al., 1996; Requena et al., 1996) up to >180 min (Urwin et al., 2016; 

2019) necessary to induce a peak alkalotic response and simultaneously maximise possible ergogenic 

effects. Secondly, studies have failed to manage individual variation in GIS responses (Urwin et al., 

2016; 2019) by selecting a fixed time point and failing to utilise appropriate methods to mitigate any 

symptoms, i.e., ingesting SC in capsules rather than solution (Hilton et al., 2019; 2020; Urwin et al., 

2019). These key limitations come alongside a number of further modifying factors which have not 

received appropriate consideration or research attention, i.e., differing training status and flawed 

selection of an appropriate exercise task to elicit performance improvements etc.).  
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This chapter aims to detail the procedures that are present within all studies making up the current 

thesis. Details will include descriptions, justification, and supporting information such as test-retest 

reliability data, where appropriate. Specific details for each study such as experimental design and 

precise methods deployed will be provided in the relevant chapters. 

 
3.1 General Study Methods 

3.1.1 Ethical Considerations 

Ethical approval for all studies within this thesis was provided by the Departmental Research Ethics 

Committee (DREC) for Sport and Physical Activity and, the University Research Ethics Sub-

Committee (URESC) at Edge Hill University (SPA-REC-2019-252R1 and ETH2021-0301). Blood 

sampling was completed in compliance with the local Human Tissue Authority license regulations; 

accordingly, no blood samples were stored. Participation across all studies was completely voluntary 

and without remuneration. All participants were provided a Participant Information Sheet that detailed 

study commitments, experimental procedures, and any associated risks. Participants were given 

sufficient time to read and understand the requirements of participation. After this time, study protocols 

were detailed fully, and any questions were addressed prior to gaining written informed consent to 

participate. Participants had the right to withdraw from the study at any point, which was retained up 

until individual data collection was completed. No participants withdrew their consent herein. All 

testing took place in the physiology laboratory in the Department of Sport and Physical Activity, Edge 

Hill University. 

Participants completed a medical screening questionnaire before taking part in any study to 

minimise the risk of adverse events during exercise. Accordingly, participants were required to notify 

the researcher if there was any change in health status throughout experimental testing. In Study 4 

(Chapter 7), participants also completed a pre-exercise screening form before each exercise trial. The 

screening process involved measuring both resting heart rate and blood pressure. Heart rate was 

measured using manual palpation for one minute, whereas blood pressure was measured using an 
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automated sphygmomanometer. Participants were permitted to exercise only when systolic blood 

pressure £ 140 mmHg, diastolic blood pressure £ 90 mmHg and heart rate < 90 beats.min-1.  

 

3.1.2 Participants  

Healthy, recreationally active males between the ages of 18-30 years, who participated in sports such 

as boxing, cycling, and running were recruited to participate in each study. Participants were chosen 

based on the knowledge that performance on their sport may be limited by the accumulation of H+ and 

peripheral fatigue and as result, they may benefit from increasing their buffering capacity through SC 

ingestion (de Oliveira et al., 2021; Grgic et al., 2021; Urwin et al., 2021a). Recreationally active 

participants are chosen to allow comparison with existing research in both SB (Hilton et al., 2019; 

2020a; 2020b; Gough et al., 2017a) and SC (Urwin et al., 2021a; 2016), where recreationally athletes 

were used also. Training status was based on the classification criteria established by de Pauw et al. 

(2013). Participants herein are described as ‘recreationally trained’ based on their participation in 

regular exercise (> 4 h.week-1), a peak oxygen uptake (VO2peak) between 45.0-54.9 ml.kg.min-1 and/or a 

peak power output (PPO) of 280-319 W. No participants had a history of GI disease/illness, and none 

were under pharmacological intervention during any study. Further exclusion criteria precluded those 

with hypertension, renal impairment or who were following a salt-restricted diet. Specific participant 

characteristics are provided in each study chapter.  

 

3.2 General Experimental Procedures 

3.2.1 Pre-Experimental Procedures 

Before each experimental trial, a range of standardised procedures were adhered to by participants, as 

confirmed verbally on arrival to the laboratory. All trials were commenced at same time of day (09:00-

10:00) to limit the physiological effects of circadian rhythms (Ayala et al., 2021). Participants 

maintained habitual physical activity levels during each study, avoiding alcohol and caffeine 

consumption for 12 h (Guest et al., 2021; El-Sayed, Ali & Ali, 2005), and strenuous exercise for 24 h 



 

52 
 

prior to each laboratory visit (Tornero-Aguilera et al., 2022). Water intake was encouraged in the 24 h 

preceding sessions to ensure euhydration (Arnaoutis, 2022). A normal habitual diet was maintained up 

until the evening prior to attending the laboratory, with an overnight fast (~12 h) required thereafter. 

All trials took place under ambient laboratory conditions (room temperature = 18-20°C, humidity = 40-

50%).  

 

3.2.2 Determination Of Peak Oxygen Uptake (VO2peak) 

Before the commencement of all experimental trials, participants performed an incremental exercise 

test to exhaustion to determine VO2peak. This was performed on an electromagnetically braked cycle 

ergometer (Lode Excalibur Sport, Groningen, The Netherlands), which also allowed PPO to be 

calculated and used as a marker of training status alongside VO2peak (de Pauw et al., 2013). After a 5 

min warm-up at 70 W, workload was increased by 1 W.s-2 (30 W.min-1) until volitional exhaustion. 

Throughout the protocol, participants were required to maintain a self-selected cadence (70-100 

rev.min-1), with the test terminated when participants were unable to maintain >70% of this cadence for 

> 5 s, despite strong verbal encouragement. Breath-by-breath gases were continuously analysed using 

a gas analyser (Cosmed, K5, Italy) to measure oxygen uptake (VO2), carbon dioxide production (VCO2) 

and the respiratory exchange ratio (RER). Heart rate was also measured continuously using telemetry 

(Polar®, Kempele, Finland). Rating of perceived exhaustion (RPE) was recorded at one-minute stages 

on a scale of 6-20 (Borg, 1966). Data was averaged over the last 30 s of the test to determine VO2peak, 

validated using a range of criteria (Midgley et al., 2007; 2009); heart rate  

£ 10 b.min-1 of predicted max (220 b.min-1 – age), RER ³ 1.15, and an RPE of 19+ at the termination of 

the test. Power achieved at the end of the test was also noted as PPO. 

 

3.2.3 Gas Analysis 

Breath-by-breath gases were measured continuously during exercise using a portable gas analyser 

(Cosmed, K5, Italy). The K5 has been reported to a valid and reliable gas analyser (Guidetti et al., 2018; 

Perez-Suarez et al., 2018). Guidetti et al. (2018) found the K5 to demonstrate high agreement in 
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comparison to a simulation. ICC values were excellent for all variables (>0.99). Intra- and -inter K5 

reliability produced excellent ICCs (>0.99), absolute percentage differences between measurements 

(MAPE) <2%, technical errors or ~ 1% and a minimal detectable change (MDC) ~ 3%. Prior to each 

use, the system was switched on and after a warm-up period (1 h), was calibrated in accordance with 

manufacturers guidance. As data were collected continuously, participants wore a face mask (Hans 

Rudolph, USA). 

 

3.2.4 Heart Rate 

Heart rate was recorded continuously during exercise using a ‘strap-to-watch’ telemetric system 

(Polar®, Kempele, Finland). This required participants to wear a heart rate transmitter strap across their 

chest, aligned with the xiphoid process and with electrodes moistened to enhance signal conduction. 

Heart rate was recorded continuously during VO2peak testing and at a several time points during study 4 

(chapter 7), described in depth therein. 

 

3.2.5 Blood Sampling 

Fingertip capillary blood samples (95 µL) were taken at multiple time points throughout each study, 

detailed specifically in the relevant chapters. All samples were taken using a disposable lancet 

(AccuCheck Safe-T-Pro, Indianapolis, USA) using an aseptic technique and collected in heparin-coated 

capillary tubes (Radiometer Medical Ltd, Denmark). In chapters 4,5 and 6 samples were arterialised by 

warming the hand with a heated blanket (45°C) for 5 min prior to sample collection (Gough et al., 

2017a; Johnston, Vickers and Mapleson, 1996). In study 4 (chapter 7) this was not completed for 

logistical reasons. Samples were immediately analysed using a blood gas analyser (ABL800 Basic, 

Radiometer Medical Ltd, Denmark) for pH, [HCO3
-], BE, PO2 and PCO2. The concentration of 

electrolytes; [K+], [Na+], [Ca2+] and chloride ([Cl-]) were also analysed. The ABL800 BASIC 

radiometer demonstrates good to excellent criterion validity in comparison with alternative devices 

(Stadlbauer et al., 2011) and has shown excellent test-retest reliability (CV < 5%) in a small pilot study. 



 

54 
 

During exercise (study 4, chapter 7) a 5 µL sample was collected to obtain blood [La-] using a portable 

analyser (Lactate Pro 2, LT-1730, Arkray, Japan), found to be accurate, reliable and valuable for 

applied/sports research (Crotty et al., 2021; Bonaventura et al., 2015; Pyne et al., 2000). In the work of 

Crotty et al. (2021) inter-Lactate Pro 2 reliability was high (CV = 3.3%); Bland Altman 95% limits of 

agreement ranged from ± 0.3 mmol.L-1 for blood [La-] £ 4.0 mmol.L-1 to -1.6 to +1.4 mmol.L-1 for blood 

[La-] > 8.0 mmol.L-1. Blood [HCO3
-] were used to determine a range of post-ingestion kinetics, 

including lag time (Tlag), peak [HCO3
-] (Cmax), change in Cmax (DCmax), time-to-reach Cmax (Tmax) and 

area under the curve (AUC). Bicarbonate Tlag was defined as the point at which blood [HCO3
-] increased 

beyond normal daily fluctuations.  

 

3.2.6 Perceptual Measures 

3.2.6.1 Perceptions Of Exertion And Fatigue 

During the exercise trials (study 4, chapter 7), perceived exertion and perceived fatigue were attained 

at regular intervals. Overall rating of perceived exertion (RPEO) and leg RPE (RPEL) were recorded 

using a 6-20 scale (Borg 1966; 1982). Both RPEO and RPEL were recorded to separate overall 

cardiovascular strain and localised muscular fatigue in the leg, respectively (Ritchie, 2012). This 

method was adopted as, in cycling particularly, localised muscular fatigue has been reported to 

dominate overall perception of effort and may skey independent cardiovascular responses (Demura and 

Nagasawa, 2003; Garcin et al., 1998; Borg, Ljungren and Ceci, 1985; Robertson et al., 1979a; 1979b). 

Perceive ratings of fatigue (ROF) were recorded on a 10-point Likert scale (Micklewright et al., 2017).  

 

3.2.6.2 Gastrointestinal Symptoms (GIS) 

Gastrointestinal symptoms (GIS) were recorded using an adapted GIS questionnaire (Carr et al., 2011) 

including nausea, flatulence, stomach cramping, belching, stomach-ache, bowel urgency, diarrhoea, 

vomiting and stomach bloating. Symptoms were measured on a visual analogue scale where “0 = No 

symptom” and “10 = severe symptom” (Miller et al., 2016). Visual analogue scales are deemed a valid 
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and reliable method to determine symptoms of discomfort (Harland, Dawkin and Marlin, 2015; Hawker 

et al., 2011) with ICC scores of between 0.90-0.99 (Bahreini et al., 2015; Gallagher et al., 2002) 

Symptom terminology and scoring was explained to the participants prior to each trial to ensure 

consistency in reporting. Frequency, severity, and time course of symptoms were established. Total 

symptoms experienced was also calculated, taken as the sum of each symptom reported throughout the 

sampling period. 
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CHAPTER 4 – THE RELIABILITY OF BLOOD ACID-BASE RESPONSES FOLLOWING 

SODIUM CITRATE INGESTION 
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4.1 Introduction  

High-intensity exercise presents a significant metabolic challenge to most athletes, with endurance 

intensive efforts (≥ 1 min) giving rise to the rapid production of metabolites including H+ (Keyser 2010). 

Endogenous buffering, predominantly via the HCO3
- buffer system, removes much of the excess H+ 

initially, however, the rate of production soon surpasses the capacity of the system (Hargreaves and 

Spriet 2018; Juel 2001). This reduction results in a lowering of intramuscular pH, which contributes to 

peripheral muscle fatigue (Kent-Braun, Fitts and Christie 2012; Sahlin, 1992), impairing high-intensity 

exercise performance (Thomas et al. 2015). In response, methods of increasing HCO3- buffering 

capacity to resist peripheral fatigue during high-intensity exercise are widely researched (de Oliveira et 

al. 2021) with exogenous buffering agents such as SC and SB frequently ingested to augment the HCO3
- 

buffers and induce blood alkalosis (Heibel et al. 2018).  

Of these agents, SB has attracted most research interest, with a recent meta-analysis concluding 

that SB was more effective in enhancing exercise performance compared to SC [βSC:SB = 0.10 (95% CrI 

− 0.02 to 0.22)] (de Oliveira et al. 2021). Despite this, the two supplements induce similar levels of 

blood alkalosis (Heibel et al. 2018; McNaughton and Cedaro 1992; Van Montfoort et al. 2004), with 

some suggestion that SC may better reduce the occurrence of GIS in some individuals (Requena et al. 

2005). The lesser effect of SC may be partly explained by a lack of an optimised ingestion strategy 

(Urwin et al. 2021b), with existing protocols often commencing exercise at the moment of maximal 

side effects and/or minimal changes in blood [HCO3
-] (Painelli and Lancha Junior 2018). Furthermore, 

variances in individual TTP alkalosis of between 180-212 min are apparent (Urwin et al. 2016; 2019), 

suggesting that a general pre-exercise ingestion period (e.g., 60 min for all athletes) may be suboptimal. 

An emerging approach to supplementation is centred around the concept of individual TTP 

(Gough et al. 2017a; 2017b; Miller et al. 2016), whereby the exercise task is commenced when an 

individual’s peak blood pH or [HCO3
-] occurs (Heibel et al. 2018). This suggests that maximally 

elevated circulating HCO3- would improve the likelihood of performance improvements, with some 

evidence to support this strategy using SB (de Oliveira et al. 2021; Gough et al. 2017a; Hilton et al., 

2020b; Miller et al., 2016). Promisingly, Boegman et al. (2020), observed an improvement 2000 m 
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rowing performance following an individualised TTP vs. a generalised time-point (367.0 ± 10.5 s vs. 

369.0 ± 10.3 s (p = 0.007; d = 0.15)) suggesting this strategy not just to be effective, but more efficacious 

than ingestion at a generalised time point. Although more research is needed to determine the 

comparative efficacy of each approach on wider performance outcomes, it appears that the 

appropriateness of this method should at least be assessed as a potential method of optimising SC 

ingestion. Many metabolic reactions either produce or consume acids and bases, with net endogenous 

acid production (NEAP) regulated mainly by the diet. Given variations of the NEAP may influence 

acid-base balance, the applicability of an individualised approach based on blood alkalosis  

(pH/HCO3
-) is dependent on the reliability of these analytes day-to-day (Poupin et al. 2012; Remer 

2001; Remer and Manz 1995).  

The reliability of the alkalotic response to SB has previously been investigated following the 

ingestion of 0.2 and 0.3 g.kg-1 BM doses ingested in aqueous solution (Gough et al. 2017). The key 

findings of this study supported the use of an individualised strategy, with both blood pH and [HCO3
-] 

demonstrating good reliability for TTP alkalosis and absolute change. Additionally, within 60 min of 

ingestion, blood-analyte values were similar, suggesting that where <60 min are available, smaller doses 

of SB may be acceptable, reducing the likelihood of GIS emerging. Despite recent interest in the use of 

SC to induce alkalosis (Urwin et al. 2016; 2019; 2021a), it is unclear if the individual responses to this 

exogenous buffer are reproducible. Therefore, the aim of the present study was to evaluate the reliability 

of individual blood pH, HCO3
- and Na+ responses following the ingestion of 0.3, 0.4 or 0.5 g.kg-1 BM 

of SC provided in GEL capsule form. 
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4.2 Methods 

4.2.1 Participants  

Participants were invited to take part in this study based on their engagement in any sport or activity 

that may benefit from an enhanced buffering capacity (Carr et al. 2011a; Urwin et al. 2021b). Fourteen 

recreationally active males (height 1.81 ± 0.55 m, body mass [BM] 81.4 ± 8.9 kg, age 27 ± 4 years, 

peak oxygen uptake [VO2peak] 41.4 ± 13.0 ml.kg-1.min-1) volunteered for this double-blind, randomised 

crossover study.  Ethical approval for this study was granted by the institutional research ethics 

committee (SPA-REC-2019-252R1), with each participant required to provide written informed 

consent and complete health screening before commencing data collection. Participants were also 

screened to confirm they had not ingested intra- or extracellular buffering agents within six months 

prior to the current study and were not following a sodium-restricted diet. 

 

4.2.2 Pre-Experimental Procedures 

Participants reported to the laboratory on eight separate occasions, in a 4 h postprandial state and at the 

same time of day to minimise the effects of circadian variability (Laposky et al., 2008; Johnston 2014). 

Participants were asked to avoid alcohol and any strenuous/unaccustomed exercise during the 24 h 

period prior to each experimental treatment (Lieber, 2000). Caffeine was also prohibited 12 h before 

experimental treatments to limit any disturbance on metabolic regulation (Westerterp-Platenga et al., 

2006) and mitigate additional risk of GIS (Boekama et al., 1999). Experimental trials were conducted 

at least 48 h apart to facilitate the washout of residual SC (Urwin et al., 2021a). 

 

4.2.3 Determination Of Peak Oxygen Uptake (VO2peak)  

Peak VO2 (VO2peak) was determined based on a previously utilised protocol (Deb et al., 2018). The 

RAMP test began with 5 min unloaded pedalling into a ramped increase of 0.5 W.s-1, equating to  

30 W.min-1. A preferred cadence between 70-90 revs.min-1 was selected prior to the test, with 

participants asked to maintain this cadence to within 10 revs.min-1, until volitional exhaustion despite 



 

60 
 

strong encouragement for 10 sec. Tests were performed on an electromagnetically braked cycle 

ergometer (Lode Excalibur, Germany). Breath-by-breath gases were continuously analysed using a gas 

analyser (K5, Cosmed, Italy) to measure oxygen uptake (VO2), carbon dioxide production (CO2) and 

the respiratory exchange ratio (RER). The VO2peak was determined by averaging VO2 over the final 30 

s of exercise.  

 

4.2.4 Experimental Trials  

The seven subsequent experimental trials were randomised using a Balanced Latin Square generator 

and involved one trial requiring the ingestion of no treatment (CON), two trials requiring the ingestion 

of 0.3 g.kg-1 BM SC (SC3a, SC3b), two trials requiring the ingestion of 0.4 g.kg-1 BM SC (SC4a, SC4b) 

and two trials requiring the ingestion of 0.5 g.kg-1 BM SC (SC5a, SC5b). Both sodium chloride and SC 

(Pro Athlete Supplementation, Rhymney, UK) were administered in size ‘0’ gelatine capsules (Bulk 

PowdersTM, Colchester, UK), which were prepared by a laboratory technician not involved with the 

research. Capsules were consumed with 500 ml of water at room temperature (18°C) after an overnight 

fast.  The mean number of capsules consumed were 33 ± 4, 44 ± 5, and 55 ± 6 for the 0.3, 0.4 and 0.5 

g.kg-1 BM SC, respectively. 

An initial arterialised fingertip capillary blood sample was obtained from participants whilst 

seated and rested prior to ingesting SC. After capsules were ingested (<10 min), blood samples were 

taken every 20 min for 4 h. A heated blanket (45°C) was used to warm the hand prior to each sample 

to assist with blood sampling (Gough et al., 2017a; Johnston, Vickers and Mapleson, 1996). At each 

interval, a GIS questionnaire was completed to assess the severity of a range of symptoms on a visual 

analogue scale (VAS) where 0 = no symptom and 10 = most severe (Gough et al., 2021). During this 

time, participants were asked to remain seated with only toilet breaks allowed. No food was consumed 

during testing although water was consumed ad libitum in the first trial and replicated in the remaining 

trials. Blood samples were collected in 100 µl heparin-coated clinitubes (Radiometer Medical Ltd, 

Denmark) and subsequently analysed for blood pH, [HCO3]- and [Na+] using a blood gas analyser 
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(ABL800 BASIC, Radiometer Medical Ltd). This device has demonstrated good reliability for the 

analysis of pH, [HCO3], PCO2 and [Na+] (Stadlbauer et al., 2011).  

 

4.2.5 Statistical Analysis 

Assessed variables were analysed for normality (Shapiro-Wilks and Q-Q plots) and homogeneity of 

variance/sphericity (Mauchly) before undergoing further statistical analysis. Both one-way (treatment) 

and two-way (treatment/time) repeated measures analysis of variation (ANOVA) were used to deduce 

differences in blood parameters (pH, [HCO3
-] and [Na-]) with Bonferroni pairwise comparisons. Where 

sphericity was violated, the Greenhouse Geiser correction was applied. Effect sizes were calculated 

using partial eta squared (ηp
2). For nonparametric data, such as GIS scores, the Kruskal-Wallis test was 

used with H scores, degrees of freedom and significance reported. For GIS, ‘total symptoms’ (sum of 

each individual reported score) and ‘TTP severity’ (first instance at which the largest individual score 

occurred) were used to determine overall GIS responses. Effect sizes for Kruskal-Wallis tests were 

determined using eta squared (η2). Statistical significance was set at P <0.05. Heteroscedasticity was 

assessed using Bland-Altman plots. Where data were determined as heteroscedastic data were log 

transformed. Agreement between conditions was evaluated using Cronbach’s alpha (α), intraclass 

correlation coefficients (ICCs) and coefficient of variation (CV) [(SD)/mean x 100]. Calculations were 

carried out using Microsoft® Excel 2019 (Microsoft Inc, Redmond, WA, USA) and statistical 

procedures were completed using SPSS version 27 (IBM, Chicago, IL, USA). 

 

4.3 Results  

4.3.1 Reliability Of Blood pH, HCO3- and Na+  

Resting measures of blood pH, [HCO3
-] and [Na+] displayed poor to moderate reliability across all 

experimental doses (r = 0.04 to 0.63). Moderate reliability was observed at rest in pH (SC5 r = 0.56, P 

= 0.01), Na+ (SC4 r = 0.63, P = 0.005) and HCO3
- (SC3 r = 0.62, P = 0.010). Reliability for pH across 

the 4 h sampling period ranged from poor to moderate in SC4 (r = 0.01-0.72) as well as SC3 (r = 0.20 
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to 0.71) and from poor to excellent in SC5 (r = 0.01-0.96).  Blood [HCO3
-] demonstrated poor to good 

reliability in SC5 (r = 0.14-0.82) and SC4 (r = 0.21-0.85), whereas SC3 demonstrated poor to moderate 

reliability (r = 0.09-0.64). Finally, [Na+] displayed poor to moderate reliability in both SC4 (r = 0.22-

0.60) and SC3 (0.13-0.76), although SC5 produced poor to good reliability (r = 0.32-0.76). Table 4.1 

also provides a statistical summary including Cronbach’s α analysis and coefficient of variation for pH 

and HCO3
-. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

63 
 

Table 4.1 Intraclass correlation coefficient (ICC) and Cronbach’s alpha between repeated treatments (0.5 (SC5), 0.4 (SC4) and 0.3 g.kg-1 body mass sodium 
citrate (SC)) for blood pH and bicarbonate concentration ([HCO3

-]).  
 

  
 
*Continued below 
 
 

 

Time (min) 68 85 102 119 136 153 170 187 204 221 238 
pH            
SC5            

R value 0.91 0.63 0.49 0.78 0.65 0.40 0.01 0.01 0.49 0.66 0.42 
α 0.95 0.76 0.64 0.87 0.77 0.55 0.02 0.02 0.68 0.79 0.62 

CI            
Upper bound 0.97 0.87 0.81 0.93 0.87 0.76 0.50 0.52 0.80 0.88 0.76 
Lower bound 0.74 0.14 -0.00 0.42 0.18 -0.18 -0.44 -0.49 0.01 0.23 -0.06 

CV 0.33 0.37 0.29 0.30 0.38 0.32 0.31 0.29 0.31 0.30 0.33 
Interpretation Excellent Moderate Poor Good Moderate Poor Poor Poor Poor Moderate Poor 

SC4            
R value 0.01 0.52 0.35 0.16 0.72 0.11 0.45 0.59 0.34 0.26 0.62 

α x 0.67 0.53 0.29 0.90 0.18 0.61 0.77 0.51 0.41 0.76 
CI            

Upper bound x 0.85 0.73 0.60 0.92 0.60 0.78 0.84 0.74 0.71 0.87 
Lower bound x -0.11 -0.17 -0.32 0.10 -0.49 -0.09 0.14 -0.23 -0.34 0.14 

CV 0.29 0.29 0.37 0.29 0.3 0.22 0.24 0.32 0.33 0.29 0.25 
Interpretation Poor Moderate Poor Poor Moderate Poor Poor Moderate Poor Poor Moderate 

SC3            
R value 0.43 x 0.20 x 0.26 0.13 0.10 x 0.20 0.66 0.65 

α 0.64 X 0.40 x 0.42 0.21 0.17 0.01 0.34 0.78 0.79 
CI            

Upper bound 0.77 X 0.62 x 0.68 0.61 0.59 0.56 0.65 0.88 0.87 
Lower bound -0.07 x -0.21 x -0.26 -0.47 -0.47 -0.60 -0.34 0.18 0.23 

CV 0.23 0.16 0.25 0.25 0.27 0.29 0.40 0.32 0.38 0.28 0.19 
Interpretation Poor Poor Poor Poor Poor Poor Poor Poor Poor Moderate Moderate 
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Time (min) 68 85 102 119 136 153 170 187 204 221 238 
HCO3-            

SC5            
R value 0.56 0.59 0.75 0.71 0.70 0.73 0.69 0.79 0.67 0.75 0.82 

α 0.71 0.01 0.85 0.83 0.81 0.85 0.81 0.88 0.80 0.86 0.90 
CI            

Upper bound 0.84 0.52 0.91 0.90 0.89 0.90 0.89 0.93 0.88 0.91 0.94 
Lower bound 0.06 -0.52 0.39 0.29 0.27 0.34 0.27 0.48 0.24 0.40 0.54 

CV 3.81 4.28 5.20 5.11 5.75 6.32 6.70 6.71 6.32 6.34 6.22 
Interpretation Moderate Moderate Good Moderate Moderate Moderate Moderate Good Moderate Good Good 

SC4            
R value 0.21 0.30 0.29 0.68 0.54 0.85 0.46 0.75 0.31 0.66 0.75 

α 0.33 0.48 0.45 0.81 0.70 0.92 0.72 0.87 0.46 0.78 0.85 
CI            

Upper bound 0.68 0.74 0.69 0.89 0.82 0.95 0.78 0.91 0.73 0.89 0.92 
Lower bound -0.42 -0.28 -0.24 0.26 0.05 0.60 -0.03 0.40 -0.30 0.18 0.35 

CV 3.53 3.83 3.12 4.19 3.26 3.29 3.77 3.48 2.92 2.68 2.59 
Interpretation Poor Poor Poor Moderate Moderate Good Poor Good Poor Moderate Good 

SC3            
R value 0.64 0.41 0.43 0.51 0.09 0.20 0.09 0.12 0.28 0.41 0.48 

α 0.78 0.57 0.58 0.68 0.16 0.35 0.16 0.22 0.46 0.58 0.64 
CI            

Upper bound 0.87 0.77 0.77 0.82 0.58 0.64 0.58 0.59 0.68 0.77 0.80 
Lower bound 0.19 0.16 0.14 0.01 -0.45 0.29 -0.46 -0.40 0.20 0.12 0.05 

CV 3.87 3.36 3.62 3.62 3.17 2.90 2.91 3.56 3.16 3.07 2.82 
Interpretation Moderate Poor Poor Moderate Poor Poor Poor Poor Poor Poor Poor 
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Poor reliability of TTP [HCO3
-] was observed for SC5 (r = 0.10, P = 0.361; α = 0.18), SC4 (r = 0.17, 

P = 0.27; α = 0.29), and SC3 (r = 0.36, P = 0.116; α = 0.68). Poor reliability was also demonstrated for 

TTP pH in SC5 (r = 0.38, P = 0.037; α = 0.68), SC4 (r = 0.33, P = 0.058; α = 0.68), and SC3 (r = 0.02, 

P = 0.472; α = > 0.50). Finally, poor reliability was also found for TTP [Na+] in SC5 (r = 0.10, P = 

0.390; α = > 0.5), SC4 (r = 0.07, P = 0.376; α = 0.16), and SC3 (r = 0.05, P = 0.404; α = 0.13). 

Absolute change (peak change from baseline) for [HCO3
-] displayed good reliability for SC5 

(ICC: r 0.72, P < 0.001; α = 0.84) compared with poor reliability for both SC4 (ICC: r 0.39, P = 0.085; 

α = 0.51) and SC3 (ICC: r 0.21, P = 0.219; α = 0.35). Moderate reliability was observed for absolute 

change in pH in SC5 (ICC: r = 0.63, P = 0.003; α = 0.81) in comparison with poor reliability in both 

SC4 (ICC: r = 0.38, P = 0.090; α = 0.54) and SC3 (ICC: r = 0.35, P = 0.109; α = 0.51). Finally, moderate 

reliability was found for [Na+] in SC5 (ICC: r = 0.58, P = 0.973; α = > 0.5) vs. poor reliability in both 

SC4 (ICC: r = 0.30, P = 0.139; α = 0.512) and SC3 (ICC: r = 0.16, P = 0.709; α = > 0.5).  

 

4.3.2 Differences Between Treatments  

There was no significant effect of condition on pH or [HCO3
-] (both P > 0.05). Conversely, a significant 

effect for condition on [Na+] (F2.2,8.7= 11.462, P = 0.003, ηp
2 = 0.741) existed. Pairwise comparisons 

revealed small differences between SC5a and SC4a (145 vs. 142 mmol.L-1, P = 0.026). A significant 

effect for time was observed for [HCO3
-] (F2.0, 10.0 = 176.149, P = < 0.001, ηp

2 = 0.972), pH (F1.5, 4.5 = 

54.717, P = 0.001, ηp
2 = 0.948) and [Na+] (F2.7, 10.9 = 52.984, P = < 0.001, ηp

2 = 0.930) although further 

analysis demonstrated that [Na+] did not differ significantly vs. control treatment at any time point 

(Figure 4.1). No significant interactions between condition and time were present for pH, [HCO3
-] or 

[Na+] (all P > 0.05). 
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Figure 4.1. Mean (± SD) blood analyte responses for bicarbonate concentration ([HCO3

-]) (top), pH 

(middle) and sodium concentration ([Na+]) (bottom) following the ingestion of 0.5 (SC5), 0.4 (SC4) 

and 0.3 (SC3) g.kg-1 body mass (BM) sodium citrate (SC) vs. sodium chloride control (0.07 g.kg-1 BM). 

Some error bars are omitted for clarity. *Denotes a significant difference between SC and control 

conditions. 
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There was no significant difference between TTP pH and [HCO3
-], although both TTP bicarbonate and 

pH varied significantly to TTP Na (both P = < 0.001). There was no significant difference in absolute 

change between conditions for bicarbonate concentration, pH and Na concentration (all P > 0.05). Both 

absolute change of pH, [HCO3
-] and [Na+] as well as TTP displayed larger inter-individual variation 

(Table 4.2). 

 
4.3.3 Gastrointestinal Symptom Responses 

Total symptoms displayed good (between 0.75 and 0.9) to poor (<0.50) reliability for SC5 (r = 0.89, P 

< 0.001; α = 0.80), SC4 (r = 0.66, P = 0.354; α = 0.74) and SC3 (r = 0.10, P = 0.538; α = 0.34). In total, 

8 of 14 participants reported no GI symptoms across SC5, SC4 and SC3 (see Table 4.3 for individual 

symptoms). Total symptom scores were highest in SC4 (70 AU) compared with SC3 (32 AU) and SC5 

(16 AU), although the difference was not significant (H(2) = 0.366, P = 0.833, η2 = 0.009). 

Time to peak (TTP) GI upset displayed moderate reliability in both SC3 and SC4 in comparison 

with SC5, which displayed good reliability (TTP severity: SC5 r = 0.81, P = 0.135; α = 0.47 vs. SC4 r 

= 0.58, P = 0.583; α = 0.39 vs. SC3 r = 0.52, P = 0.023; α = 0.95). TTP was established earlier in SC3 

in comparison with SC5 and SC4 (mean = 47 vs. 54 vs. 129 min, respectively), although the difference 

was not significant (H(2) = 0.723, P = 0.696, η2 = 0.018). 

 

 

 

 

 

 

 

 

 



 

68 
 

Table 4.2. Individual data displaying time-to-peak and absolute change in both blood pH and 
bicarbonate concentration ([HCO3

-]) following the ingestion of 0.5 (SC5), 0.4 (SC4) and 0.3 (SC3)  
g.kg-1 body mass sodium citrate (SC). 
 

 Time-to-peak (min) 
Participant  

 pH (-log10[H+]) HCO3- (mmol.l-1) 
 SC5a SC5b SC4a SC4b SC3a SC3b SC5a SC5b SC4a SC4b SC3a SC3b 
1 170 170 204 85 85 170 170 102 153 136 102 136 
2 136 153 204 187 187 68 170 170 187 136 102 68 
3 170 238 153 187 187 187 102 204 85 153 119 119 
4 102 85 187 153 153 170 136 136 153 170 153 136 
5 119 119 136 119 119 238 221 204 136 136 153 187 
6 136 136 204 187 187 170 170 136 204 170 119 187 
7 119 204 119 153 153 85 119 204 102 153 136 136 
8 68 136 85 102 102 170 119 170 102 187 102 136 
9 238 238 153 204 204 204 187 187 238 170 136 136 
10 85 238 187 153 170 170 136 136 187 187 153 170 
11 153 187 136 187 204 204 187 187 153 119 238 204 
12 136 187 187 204 170 170 102 136 170 187 187 136 
13 153 238 204 102 153 153 153 204 85 136 153 136 
14 221 221 204 170 119 119 153 119 119 170 170 119 

Mean 143 182 169 143 157 163 152 164 148 158 145 143 
Range 170 153 119 102 119 170 119 102 153 68 136 136 

SD 47 51 39 35 40 46 35 36 46 23 38 34 
CV 32.8 27.7 22.9 24.5 25.6 28.0 23.0 21.8 31.3 14.3 26.0 24.1 

SEM 12.6 13.5 10.3 9.4 10.7 12.2 9.3 9.5 12.4 6.0 10.0 9.2 
 

 Peak absolute change from baseline  
Participant  

 pH (-log10[H+]) HCO3- (mmol.l-1) 
 SC5a SC5b SC4a SC4b SC3a SC3b SC5a SC5b SC4a SC4b SC3a SC3b 
1 0.08 0.07 0.08 0.06 0.06 0.09 7.5 5.9 5.0 4.9 4.3 5.3 
2 0.11 0.09 0.09 0.08 0.09 0.06 7.6 7.3 7.5 6.1 6.9 5.0 
3 0.07 0.10 0.03 0.05 0.07 0.06 6.0 7.2 5.7 4.5 5.1 5.4 
4 0.05 0.07 0.07 0.09 0.08 0.11 3.8 4.9 5.1 5.7 4.9 5.7 
5 0.11 0.13 0.11 0.09 0.09 0.06 6.6 5.4 4.9 4.9 5.8 6.4 
6 0.08 0.07 0.09 0.07 0.07 0.08 6.2 6.2 7.2 5.8 5.0 5.3 
7 0.03 0.06 0.07 0.08 0.07 0.07 1.8 2.9 5.4 5.8 4.5 5.5 
8 0.10 0.14 0.07 0.13 0.09 0.16 1.5 5.4 4.6 5.0 4.6 5.8 
9 0.06 0.10 0.08 0.10 0.08 0.08 5.9 7.0 6.1 7.1 5.3 4.7 
10 0.09 0.10 0.10 0.14 0.12 0.12 7.0 8.2 5.0 7.4 6.2 6.2 
11 0.07 0.08 0.08 0.07 0.06 0.06 8.3 8.3 6.3 7.0 5.5 5.4 
12 0.03 0.05 0.09 0.08 0.08 0.08 4.8 4.6 6.7 5.5 4.9 5.3 
13 0.07 0.08 0.08 0.06 0.07 0.08 6.8 7.2 6.6 5.6 5.0 5.2 
14 0.09 0.07 0.09 0.09 0.07 0.08 5.9 6.1 8.6 6.7 4.4 4.6 

Mean 0.07 0.09 0.08 0.09 0.08 0.08 5.7 6.2 6.1 5.9 5.2 5.4 
Range 0.08 0.09 0.08 0.09 0.06 0.11 6.8 5.4 4.0 2.9 2.6 1.8 

SD 0.02 0.03 0.02 0.02 0.02 0.03 2.1 1.5 1.2 0.9 0.7 0.5 
CV 33.9 29.8 23.1 29.0 20.3 34.2 36.1 24.1 19.3 15.4 14.1 9.2 

SEM 0.01 0.01 0.01 0.01 0.00 0.01 0.5 0.4 0.3 0.2 0.2 0.1 
 
SD = Standard Deviation, CV = Coefficient of Variation, SEM = Standard Error of Mean 
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Table 4.3. Total symptoms and most severe individual symptom of gastrointestinal upset experienced 
following ingestion of 0.5 (SC5), 0.4 (SC4) and 0.3 (SC3) g.kg-1 body mass (BM) sodium citrate (SC).  
 

 SC5a SC5b 
Participant   

 Total symptoms (AU) Peak symptom (AU) Total symptoms (AU) Peak symptom (AU) 
1 47 Stomach bloating 10 Nausea 
2 8 Nausea/stomach ache 0 None 
3 None None None None 
4 None None None None 
5 None None None None 
6 None None None None 
7 8 Nausea 7 Nausea 
8 23 Vomiting 12 Diarrhoea 
9 None None None None 
10 None None None None 
11 None None None None 
12 None None None None 
13 None None None None 
14 49 Stomach bloating 54 Nausea 
 SC4a SC4b 

Participant   
 Total symptoms (AU) Peak symptom (AU) Total symptoms (AU) Peak symptom (AU) 
1 14 Nausea/stomach ache 32 Nausea 
2 40 Nausea 2 Nausea/stomach ache 
3 None None None None 
4 None None None None 
5 None None None None 
6 None None None None 
7 None None None None 
8 2 Flatulence None None 
9 4 Bowel urgency None None 
10 None None None None 
11 None None None None 
12 None None None None 
13 None None None None 
14 16 Bowel urgency 238 Bowel urgency 
 SC3a SC3b 

Participant   
 Total symptoms (AU) Peak symptom (AU) Total symptoms (AU) Peak symptom (AU) 
1 16 Belching/stomach ache 0 Nausea 
2 None None 38 Stomach cramp/ache 
3 None None None None 
4 None None None None 
5 None None None None 
6 None None None None 
7 19 Flatulence None None 
8 None None None None 
9 None None None None 
10 None None None None 
11 None None None None 
12 None None None None 
13 None None None None 
14 51 Bowel urgency 4 Flatulence 
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4.4 Discussion 

This study represents the first investigation into the reliability of blood alkalosis responses to exogenous 

SC ingestion. The key findings were that the individual responses are highly variable irrespective of 

ingested dose. The reliability interpretations across all blood alkalosis variables ranged from excellent 

to poor, suggesting that an individualised approach to SC ingestion has limited efficacy. Poor reliability 

was also present at rest, demonstrating that blood acid-base regulation is dynamic and that measures of 

blood alkalosis are subject to significant natural fluctuations (de Oliveira et al., 2020), even prior to 

ingesting extracellular buffers under strict pre-experimental control(s). Poor reliability was observed 

for TTP pH, [HCO3
-] and [Na+] for each ingested dose. Despite similarities in overall TTP (pH and 

[HCO3
-]), a substantial degree of inter- and intra-individual variability was observed throughout. Given 

this large variability in key blood measures and the low reliability of TTP blood alkalosis, it is suggested 

that practitioners/athletes look beyond an individualised approach to pre-exercise ingestion of SC. Data 

here also challenge the current recommendations for SC ingestion, which propose that 

0.4-0.5 g.kg-1 BM of SC be administered ~180-200 min prior to commencing exercise (Cerullo et al. 

2020; Urwin et al. 2021b). As a result, a fixed approach to pre-exercise ingestion may not be the suitable 

alternative. Therefore, future work needs to systematically investigate the true likely ergogenic “period” 

following ingestion. 

Both TTP pH and [HCO3
-] occurred markedly earlier overall in the present study (160 and 152 

min) than previously reported (240 and 251 min, respectively) using an identical delivery method (size 

‘0’ GEL capsules) and a similar ingestion period (15 vs. 10 min) (Urwin et al. 2021b). Although both 

controlled pre-laboratory nutritional intake, upon arrival, Urwin et al. (2021b) provided a standardised 

meal (1.75 g.kg-1 BM of CHO) opting to resemble real-world practice rather than isolate the effects of 

supplementation through a 4 h fast. Whilst 10% of food may still be present in the stomach after this 

period (Stannard et al. 2016), meaning residual effects may have remained even when fasted, it is 

possible that meal volume, composition and texture may have contributed to the differing timeframes 

(Gough et al. 2017a). Furthermore, the gastric acid secretion responses to food intake, may limit the 

bioavailability of ingested substances (Schmidt and Dahloff, 2002) and whilst the variability in some 
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of the responses may be accounted for in this way, the similar peak responses (blood pH and [HCO3
-]) 

observed in both studies do not directly support this. Alternatively, resting values reported following 

the ingestion of 0.5 g.kg-1 BM were significantly higher for both blood pH (7.412 (7.365-7.449) vs. 

7.256 (7.230-7.282) AU) and [HCO3
-] (25.3 (24-26.8) vs. 22 (20.8-23.4) mmol.L-1), which could explain 

the reduced time to attain similar levels of peak alkalosis. A final consideration is the use of different 

sampling frequencies (every 17 vs. 30 min), which may account for small quantities of variation at each 

time point, independent to variation from physiological responses to SC. 

In the present study, the size of ingested dose produced no significant effect on blood pH or 

[HCO3
-], highlighted by the similarities in peak [HCO3

-] of 30 (27.2-32), 30.3 (27.8-33.9) and 31.2 

(26.8-34.2) mmol.L-1 for 0.3, 0.4 and 0.5 g.kg-1 BM, respectively. Following the administration of 0.5 

g.kg-1 BM of SC encapsulated in GEL, similar average peak values of 30.4 (29.8–31.1) and  

29.6 (28.6-30.5) mmol.L-1 have also been reported (Urwin et al. 2019; 2021a), suggesting that while 

dose may not have offered additive improvements, meaningful changes in blood [HCO3
-] (and pH) were 

achieved alongside a greater degree of inter-individual variation.  

In order for increased extracellular buffering capacity to elicit ergogenic effects, there needs to 

be an increase in circulating [HCO3
-] post-ingestion (Heibel et al. 2018). Whilst the minimal increase 

necessary to benefit exercise limited by peripheral fatigue remains unknown, evidence suggests that 

greater effects were obtained when blood [HCO3
-] increases ranged from moderate (4-6 mmol.L-1) to 

large (> 6 mmol.L-1). Only two studies to date have investigated the blood HCO3
- response following 

the ingestion of SC in GEL capsule form (Urwin et al. 2019; 2021a), demonstrating DCmax in  

blood [HCO3
-] of 7.9 (7.2-8.6) and 7.8 (6.8-8.7) mmol.L-1, respectively. In the present study, across all 

doses, absolute change in blood [HCO3
-] was moderate (5.7 ± 1.3 mmol.L-1) suggesting that SC 

sufficiently increased [HCO3
-] to levels where an ergogenic effect may be likely, although the 

magnitude of change was notably lower than previously reported. This may be explained by the elevated 

resting values presented here. 

Navigating GIS, specifically by reducing their incidence and severity remains a key component 

of any effective exogenous buffering agent ingestion strategy. In comparison with SB, SC has been 
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associated with a reduced occurrence of GIS (Requena et al. 2005). In the present study, 8 of 14 

participants indicated no GIS at any stage vs. 5 of 15 participants in the work of Gough et al. (2017a), 

although they did not quantify the total symptoms experienced by those who did report GIS. Findings 

herein are unsurprising given the previous use of GEL encapsulation rather than solution (Urwin et al. 

2016) and support the use of SC to limit GIS.  

 In conclusion, key markers of blood alkalosis (pH and [HCO3
-] display poor reliability between 

repeat ingestion of multiple doses of SC, challenging the use of an individualised approach to ingestion. 

Despite this, all doses provided in the present study were associated with limited GIS post-ingestion 

and, promoted potentially meaningful, sustained changes in pH and [HCO3-], i.e. DCmax ³ 4 mmol.L-1. 

Such responses may support an ergogenic response to SC, although researchers should consider the 

high inter- and intra-individual variability in all key blood kinetics. 
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CHAPTER 5 – THE BLOOD ACID-BASE AND GASTROINTESTINAL RESPONSE TO 

THREE DIFFERENT FORMS OF SODIUM CITRATE ENCAPSULATION 
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5.1 Introduction  

Sodium citrate (SC) has been shown to improve exercise of a short duration (> 60 s and < 420 s) and 

very high-intensity (> 100% VO2max) in a limited number of studies, creating ambiguity regarding its 

erogenicity (Cunha et al., 2019; Fernandez-Castanys et al., 2002; McNaughton, 1990; Oopik et al., 

2004; Shave et al., 2001; Vaher et al., 2015). Both Cerullo and Urwin et al. (2020; 2021a) have 

proposed that suboptimal ingestion protocol(s), which fail to maximise  

blood alkalosis (pH and/or HCO3
-) and manage potential gastrointestinal symptoms (GIS) could explain 

the lack of a clear performance effect following SC ingestion (de Oliveira et al., 2021). Resultantly, 

there remains a need to develop a protocol which would better facilitate possible performance effects 

(Urwin et al., 2019). Currently, the ingestion of 0.4-0.5 g.kg-1 BM SC ~3 h prior to exercise is 

recommended (Cerullo et al., 2020; Urwin et al., 2021b). Such large doses of SC are necessary as, 

immediately post-ingestion it rapidly dissociates into Na+ and citrate- (Requena et al., 2005). Citrate- is 

then removed from the plasma, unbalancing the electrical equilibrium (Devlin, 2010). Electrical 

neutrality is restored by a decrease in [H+] and an increase in [HCO3
-], creating the alkalotic response 

observed post-ingestion (Peacock et al., 2021; Urwin et al., 2019; 2021b). At a dose of 0.4 g.kg-1 BM 

(28 g for a 70-kg individual) blood HCO3
- may increase by ~5 mmol/L (Cunha et al., 2019), equating 

to only 17 % of the expected increase in HCO3
- if the entire dose entered the blood (considering SC 

should increase [HCO3
-] by ~29.6 mmol.L-1 in 5 L of blood). Following identical calculations for SB, 

de Oliveira et al. (2018) explains that the majority of ingested HCO3
- is neutralized in gastric acids or 

may be removed in faeces to a smaller degree. Logically, avoiding such losses of HCO3
- would yield 

larger increases in [HCO3
-] and mitigate GIS.  

Multiple forms of encapsulation have been trialled with the purpose of avoiding degradation in 

the stomach, achieved by utilizing the variable pH across the GI tract, meaning degradation of  

‘gastro-resistant capsules’ occurs primarily in the less acidic duodenum (pH 6-7 AU) (Barbosa, Conway 

and Merchant, 2017). Resultantly, gastric acid neutralisation is limited, lessening GIS that would 

otherwise develop alongside elevated CO2 tension in the stomach (Hilton et al., 2020a).  
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Hilton et al. (2019) observed reduced incidence/severity of GIS following the administration of DEL 

encapsulated SB, compared to aqueous delivery. Additionally, some individuals benefitted from 

augmented HCO3
- bioavailability (≤2 mmol.L-1), supporting the need for ingestion based on individual 

blood analyte responses. In the sole example, Peacock et al. (2021) recently compared the 

pharmacokinetic and GIS response to ingesting SB and SC in DEL capsules at an identical dose  

(0.3 g.kg-1 BM). While both substances induced significant alkalosis, SB resulted in a greater change in 

blood [HCO3
-]. Of note, SC ingestion was also associated with reduced GIS, although at a dose that has 

yet to be consistently evidenced as ergogenic. Given the value of reduced GIS, there is a demand for 

future research to understand the minimum effective dose(s) (Peacock et al., 2021; Urwin et al., 2016). 

Hilton et al. (2020a) later demonstrated that ENT capsules have the capacity to further attenuate 

GIS vs. GEL and DEL capsules, providing an additional option for those who experience notable GIS, 

at an added financial cost. Moreover, changes in blood alkalosis ([HCO3
-] and pH) were lower with 

ENT SB, possibly due to increased absorption across the intestinal mucosa (Turnberg et al., 1970) 

alongside declining absorption time (Hilton et al., 2020a). Given that the level of induced alkalosis may 

limit performance effects following both SB and SC (de Oliveira et al., 2021), ENT capsules may 

improve the GIS response at the expense of performance (Hilton et al., 2020a). 

At present, no research has compared the blood acid-base and GIS response to SC ingestion 

between GEL and DEL capsules. Furthermore, the blood acid-base and GIS response to ENT capsule 

delivery of SC remains unknown. Successfully minimising GIS, while understanding the potential 

implications for performance (i.e., level of blood alkalosis induced) at an apparently ergogenic dose 

(0.4 g.kg-1 BM) would be of high value to athletes and practitioners. Therefore, the aim of this study 

was to determine the blood acid-base and GIS responses to the ingestion of 0.4 g.kg-1 BM SC, 

administered in GEL, DEL and ENT capsules. 
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5.2 Methods 

5.2.1 Participants  

Fourteen recreationally active males (age 27 ± 4, BM 81.4 ± 8.9 kg, VO2peak 41.43 ± 13.03  

mL.kg-1min-1 took part in this study. Participants completed regular exercise training (≥ 3 d .week-1) for 

at least two years and were free of GI-related issues. Exclusion criteria also required that participants 

were not following a salt-restricted diet or ingesting other buffering agents simultaneous to the current 

study. All experimental procedures were explained fully, with questions addressed before the provision 

of written, informed consent. Ethical approval was given by the institutional ethics committee  

(SPA-REC-2019-252R1).  

 

5.2.2 Experimental Overview 

In a double-blind, randomised crossover design, participants attended the laboratory on five separate 

occasions. Following an initial visit (detailed below), experimental trials consisted of a control (CON) 

and three SC trials, wherein 0.4 g.kg-1 BM SC was ingested in GEL, DEL or ENT capsules. 

Experimental trials were counterbalanced using a Balanced Latin Square generator and completed at 

least 48 h apart to facilitate washout of residual blood HCO3
-1 (Siegler et al., 2012). Participants were 

to abstain from alcohol or caffeine beverages (El-Sayed, Ali & Ali, 2005; Guest et al., 2021) for 12 h 

and strenuous exercise 24 h (Tornero-Aguilera et al., 2022) before each trial.   

During the initial visit, VO2peak was determined using a previously outlined protocol (Section 

3.2.2), involving 5 min unloaded pedalling into a ramped increase of 1 W s-2 (30 W.min-1). until 

volitional exhaustion was reached (Excalibur Sport, Lode, Netherlands).  

Experimental trials were completed at a similar time-of-day to account for circadian variation 

(Ayala et al., 2021). Participants arrived at the laboratory following an overnight fast. Participants then 

ingested 0.4 g.kg-1 BM SC or CON (0.07 g.kg-1 BM sodium chloride) which was administered in size 0 

opaque (white) capsules. All capsules were manually filled by a laboratory technician using a capsule 

filling device (Capsule Connection LLC, USA) with doses tested for accuracy regularly (Fisher, 
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OHAUSTM). Capsules were consumed with 500 ml of room temperature water (18°C). After ingestion, 

water was permitted ad libitum with consumption throughout the first trial recorded and replicated as 

accurately as possible in subsequent trials. Excluding toilet breaks, participants remained seated 

throughout. 

 

5.2.3 Acid-Base Balance Responses 

The response to ingestion was determined based on the time course of blood [HCO3
-] and pH changes 

over a 4 h sampling period. Fingertip capillary blood samples (95 μL) were obtained pre-ingestion and 

a further 14 times, spread equally over the 238 min period. Samples were collected in heparin-coated 

capillary tubes (Radiometer Medical Ltd, Denmark) and analysed immediately (Radiometer ABL800 

BASIC, Denmark) for blood [HCO3
-] and pH. Blood HCO3- measurements were then used to establish 

key characteristics of each form of encapsulation, lag time (Tlag), peak blood [HCO3
-] (Cmax), change in 

Cmax (∆Cmax), time-to-reach Cmax (Tmax) and area under the curve (AUC). Bicarbonate Tlag is taken as 

the point at which blood [HCO3
-] increased beyond normal daily fluctuation; established individually 

following ingestion of CON.  

 

5.2.4 Gastrointestinal Symptoms  

At each interval, a GI questionnaire was completed to assess the severity of a range of GIS using a 

visual analogue scale ([VAS] where 0 = no symptom and 10 = most severe) (Gough et al., 2017). 

Symptoms include nausea, flatulence, stomach cramping, belching, stomach-ache, bowel urgency, 

diarrhoea, vomiting and stomach belching.  

 

5.2.5 Statistical Analysis 

Variables were analysed for normality (Shapiro-Wilks and Q-Q plots) and homogeneity of 

variance/sphericity (Mauchly) before undergoing further statistical analysis. Both one-way (treatment) 

and two-way (treatment/time) repeated measures ANOVA were used to deduce differences in blood 
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and GIS parameters with Bonferroni pairwise comparisons. Where sphericity was violated, Greenhouse 

Geiser correction was applied. Effect sizes were calculated using partial eta squared (ηp
2). Quantifying 

GIS, ‘total symptoms’ (sum of each individual reported score) and ‘TTP severity’ (first instance of 

largest individual score) were used to determine overall GIS responses. Statistical significance was set 

at P <0.05. Heteroscedasticity was assessed using Bland-Altman plots. Where data were determined to 

be heteroscedastic data were log transformed. Calculations were carried out using Microsoft® Excel 

2019 (Microsoft Inc, Redmond, WA, USA), with statistical procedures completed using SPSS version 

27 (IBM, Chicago, IL, USA). 

 

5.3 Results 

5.3.1 Acid-Base Responses 

Ingestion form had a significant effect on blood [HCO3
-] (F2,12 = 5.1, P = 0.025, ηp

2 = 0.459) but not on 

pH (F1.6,6.3 = 1.7, P = 0.242, ηp
2 = 0.299) and [Na+] (F2,8 = 1.51, P = 0.278, ηp

2 = 0.274). Blood [HCO3
-] 

was significantly higher with ENT vs. GEL (P = 0.037). In the post-ingestion period, there were 

significant effects on blood [HCO3
-] (F14,84 = 254.72, P <0.001, ηp

2 = 0.977), pH (F2.9,11.6 = 64.521,  

P < 0.001, ηp
2 = 0.942) and [Na+] (F14,56 = 29.026, P = < 0.001, ηp

2 = 0.879). Blood [HCO3
-] and pH 

were significantly elevated above baseline from 34 and 136 min post-ingestion and remained 

significantly elevated throughout the remaining sampling period. Blood [Na+] was significantly 

elevated above baseline from 102- to-170 min post-ingestion. Significant trial x time interactions 

emerged for blood [HCO3
-] (F28,68 = 3.867, P < 0.001, ηp

2 = 0.942) and [Na+] (F28,112 = 2.360, P < 0.001, 

ηp
2 = 0.371). There were no significant trial x time interactions for blood pH (F2.6,10.6 = 1.831, P = 0.204, 

ηp
2 = 0.314). Time course responses for blood [HCO3

-] and pH are presented in figure 5.1. 
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Figure 5.1 Mean (± standard error of the mean) blood bicarbonate concentration ([HCO3

-]) (A) and pH 

(B) pre- and post-ingestion of 0.4 g.kg-1 body mass (BM) sodium citrate (SC) in gelatine (GEL), 

delayed-release (DEL) and enterically-coated (ENT) capsules or, 0.07 g.kg-1 BM sodium chloride 

control (CON). 
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After SC ingestion, ∆Cmax, was significantly higher in the ENT trial than DEL (P = 0.027) however, 

values during the were similar between ENT and GEL (P = 0.794) GEL and DEL (P = 0.112) (6.2 ± 

0.8 vs. 6.0 ± 0.9 mmol.L-1 and 6.0 ± 0.9 and 5.1 ± 1.0 mmol.L-1, respectively). Tmax occurred significantly 

earlier following GEL compared to ENT (P = 0.023), while Tmax values were otherwise similar between 

trials. Blood pH peaked at similar time points (P > 0.05) between GEL (153 ± 27 min), DEL (169 ± 42 

min) and ENT (179 ± 33 min).  Changes in peak blood pH were also similar (P > 0.05) in GEL (0.084 

± 0.018), DEL (0.075 ± 0.032) and ENT (0.084 ± 0.022) trials. Blood HCO3
- kinetics for each form of 

encapsulation are displayed in Table 5.3. 
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Table 5.1. Within trial variation in bicarbonate (HCO3
-) kinetic variables following the ingestion of 0.4 g.kg-1 body mass in gelatine (GEL), delayed-release 

(DEL) and enterically-coated (ENT) capsules. 

 GEL DEL ENT  

Variable Mean ± SD CV Mean ± SD CV Mean ± SD CV  

Tlag (min) 31.0 ± 10.9 35.1 40.1 ± 21.7 54.2 34.1 ± 13.3 39.1  

Cmax (mmol.L-1) 30.4 ± 1 3.3 29.8 ± 1.6c 5.2 31 ± 1.1b 3.6  

∆Cmax (mmol.L-1) 6.0 ± 0.9 14.4 5.1 ± 1.0c 20.1 6.2 ± 0.8b 12.3  

Tmax (mmol.L-1) 153 ± 27.4c 17.9 168.8 ± 42.4 25.1 178.5 ± 32.5a 18.2  

AUC (mmol.min.L-1) 400.5 ± 10 2.5 390.5 ± 20.6 5.3 401.1 ± 20.1 5  

Notes: CV, coefficient of variation; Tlag, lag time; Cmax, peak bicarbonate concentration; ∆Cmax, change in peak bicarbonate concentration; Tmax, time to peak 
bicarbonate concentration; AUC, area under the curve. CV was calculated as 100 x (standard deviation(SD)/mean). 
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5.3.2  Gastrointestinal Symptoms 

There was no significant effect of ingestion form on total GIS experienced (F3,39 = 1.316, P = 0.283, ηp
2 

= 0.092). Whilst not significantly different, average total symptoms were greater following GEL (6.7 ± 

13.2 AU) compared to DEL (4.8 ± 15.7 AU), ENT (1.9 ± 5.3 AU) or CON (0.3 ± 1.1 AU). Six of 

fourteen participants experienced no symptoms irrespective of ingestion form or sample time post-

ingestion (Table 5.2).  

 Peak individual GIS typically occurred ≥ 100 min post-ingestion. Whilst the highest individual 

symptom occurred earlier following ENT (51 ± 48 min) compared to other ingestion forms (GEL = 102 

± 88 min; DEL 62 ± 20 min), ingestion form had no significant effect on the TTP GIS (F2,26 = 1.857, P 

= 0.176, ηp
2 = 0.125). Only one participant experienced GIS at the point of Tmax in the GEL trial (rated 

as 1/10 AU only), with no further instances of GIS at Tmax. Furthermore, this participant appeared to 

display high GIS relative to the remaining sample, based on greater total symptom scores compared to 

mean values for GEL (7 vs 2 ± 7 AU). 

Five of fourteen participants experienced at least one GIS in the GEL trial, whereas only three 

and four participants experienced GIS following DEL and ENT, respectively. One participant recorded 

GIS in the CON trial, which occurred around the time of ingestion. Flatulence (24.1%), stomach 

bloating (20.7%) and bowel urgency (19.0%) represented the most common GIS overall, with diarrhoea 

(5.3 ± 3.1), vomiting (4 ± 0) and bowel urgency (3.6 ± 1.2) providing the highest severity ratings overall 

(Table 5.3). 
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Table 5.2. Individual peak GIS reported following the ingestion of 0.4 g.kg-1 body mass (BM) sodium 
citrate (SC) in gelatine (GEL), delayed-release (DEL) and enterically coated (ENT) capsules or, 0.07 
g.kg-1 BM sodium chloride control (CON).  

 GEL DEL ENT CON 
Participant     

1 Nausea (3.0) Flatulence (3.0) Flatulence (1.0) None (0.0) 
2 Nausea (6.0) None (0.0) None (0.0) None (0.0) 
3 None (0.0) None (0.0) None (0.0) None (0.0) 
4 None (0.0) None (0.0) None (0.0) None (0.0) 
5 None (0.0) None (0.0) Flatulence (3.0) None (0.0) 
6 None (0.0) None (0.0) None (0.0) None (0.0) 
7 None (0.0) None (0.0) None (0.0) None (0.0) 
8 Flatulence (2.0) Flatulence (3.0) Flatulence (3.0) None (0.0) 
9 Bowel urgency (4.0) None (0.0) None (0.0) None (0.0) 
10 None (0.0) None (0.0) None (0.0) None (0.0) 
11 None (0.0) None (0.0) None (0.0) Vomiting (4.0) 
12 None (0.0) None (0.0) None (0.0) None (0.0) 
13 None (0.0) None (0.0) None (0.0) None (0.0) 
14 Bowel urgency (4.0) Bowel urgency (6.0) Bowel urgency (4.0) None (0.0) 

Total 19 12 11 4 
Peak Severity 6 6 4 4 
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Table 5.3 Frequency and severity of gastrointestinal symptoms (GIS) reported following the ingestion of 0.4 g.kg-1 body mass (BM) sodium citrate (SC) in 
gelatine (GEL), delayed-release (DEL) and enterically coated (ENT) capsules or 0.07 g.kg-1 BM sodium chloride control (CON). Overall symptoms are 
presented, with the most frequent and severe GIS highlighted throughout. 
 

 

 

 

 

 

 Overall  GEL DEL  ENT  CON 
Symptoms % Mean ± SD  % Mean ± SD  % Mean ± SD  % Mean ± SD  % Mean ± SD 

Nausea 8.6 3.4 ± 1.9  17.9 3.4 ± 1.9  0.0 0.0 ± 0.0  0.0 0.0 ± 0.0  0.0 0.0 ± 0.0 
Flatulence 24.1 2.6 ± 1.2  17.9 2.0 ± 0.0  28.6 3.4 ± 1.7  33.3 2.0 ± 1.0  0.0 0.0 ± 0.0 

Stomach cramp 3.4 1.0 ± 0.0  0.0 0.0 ± 0.0  9.5 1.0 ± 0.0  0.0 0.0 ± 0.0  0.0 0.0 ± 0.0 
Bowel urgency 19.0 3.6 ± 1.2  10.7 3.0 ± 1.0  23.8 4.2 ± 1.5  33.3 3.3 ± 0.6  0.0 0.0 ± 0.0 

Diarrhoea 5.2 5.3 ± 3.1  7.1 4.0 ± 2.8  4.8 8.0 ± 0.0  0.0 0.0 ± 0.0  0.0 0.0 ± 0.0 
Vomiting 1.7 4.0 ± 0.0  0.0 0.0 ± 0.0  0.0 0.0 ± 0.0  0.0 0.0 ± 0.0  100 4.0 ± 0.0 

Stomach bloating 20.7 2.4 ± 0.7  17.9 2.0 ± 0.0  19.0 2.8 ± 1.0  33.3 2.7 ± 0.6  0.0 0.0 ± 0.0 
Belching 5.2 2.0 ± 0.0  7.1 2.0 ± 0.0  4.8 2.0 ± 0.0  0.0 0.0 ± 0.0  0.0 0.0 ± 0.0 

Stomach-ache 12.1 2.0 ± 0.6  21.4 2.3 ± 0.5  9.5 1.5 ± 0.7  0.0 0.0 ± 0.0  0.0 0.0 ± 0.0 
Any 0.8 2.8 ± 1.3  1.5 2.7 ± 0.5  1.1 3.3 ± 0.7  0.5 2.7 ± 0.2  0.1 0.4 ± 0.0 

Notes: Overall percentage includes those who reported GIS after at least one sodium citrate form. Any percentage describes instances of reported GIS relative to total 
scores reported. 



 

85 
 

5.4 Discussion 

This study represents the first investigation into the effects of capsule ingestion form on GIS and acid-

base responses following individualised SC ingestion. Furthermore, the GIS and blood acid-base 

kinetics following the ingestion of SC in ENT capsules were measured for the first time. Whilst ENT 

SC resulted in a lesser average total symptom score (1.9 ± 5.3 AU) relative to DEL capsules (4.8 ± 15.7 

AU) which, in turn, elicited fewer total symptoms than GEL capsules (6.7 ± 13.2 AU), these differences 

were not significant. Mean GIS scores for SC ingested in DEL capsules were higher than previously 

reported (4.8 ± 15.7 AU vs. 1.5 ± 1.8 AU) (Peacock et al., 2021). Irrespective of ingestion form, nearly 

half (6/14) of all participants experienced zero GIS, supporting the notion that SC may promote fewer 

GIS relative to SB (Requena et al., 2005). Simultaneously, the need for different forms of encapsulation 

for SC may be questioned. Where GIS were reported, these typically occurred within 100 min after 

ingestion, in relative agreement with the highest ratings around 60-90 min reported elsewhere (Urwin 

et al., 2019; Urwin et al., 2021a; 2021b). Given the time course of GIS, only one participant experienced 

symptoms at the point of peak blood [HCO3
-] (1 AU). This may be critical should athletes opt to utilise 

an individualised approach to ingestion (Heibel et al., 2018). This also suggests that the minimal GIS 

following SC, occurred somewhat separately to the peak blood alkalotic response and can be addressed 

as such. Specifically, for individuals with manageable GIS, potential benefit from increased buffering 

capacity may be gained in the period after such symtpoms have dissipated. Change in peak [HCO3
-] 

was significantly higher following ENT vs. DEL, although values were otherwise similar. This contrasts 

with previous work using SB, with Hilton et al. (2020a) finding that ENT capsules reduced absolute 

changes in [HCO3
-] compared to GEL and DEL. Despite this, blood [HCO3

-] was increased beyond the 

4 mmol.L-1 threshold purported to be necessary for an ergogenic response across all ingestion forms (de 

Oliveira et al., 2020). Overall, data suggests that while ingestion form did not significantly impact GIS 

generally, GIS symptoms remained minimal throughout SC trials, alongside potentially meaningful 

changes in blood [HCO3
-]. 

GIS were reported by 28.6% of the participants across all SC trials, which is lower than 

previously reported (Urwin et al., 2019; 2021a; 2021b). This may be partly explained by the use of a 
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lower dose in the present study (0.4 compared 0.5 g.kg-1 BM). Flatulence, stomach bloating and bowel 

urgency represented the most common GIS overall, whereas the severity of diarrhoea was notably high, 

as noted following SB ingestion (Hilton et al., 2020a). Despite this, how the severity of specific GIS 

may impact performance remains elusive, yet may clarify why some studies have found GIS symptoms 

to limit performance (Cameron et al., 2010; Saunders et al., 2014; Deb et al., 2018) whereas others 

have not (Price and Simons, 2010; Miller et al., 2016). Future studies may aim to clarify the relationship 

between GIS and willingness to commence/continue exercise.  

For increased extracellular buffering capacity to promote meaningful performance changes, there 

should be an increase in circulating HCO3
- post-ingestion (Heibel et al., 2018). Whilst the minimal 

changes necessary to induce ergogenic effects are unclear, evidence suggests greater effects occurred 

when blood [HCO3
-] increases were moderate (4-6 mmol.L-1) to large (> 6 mmol.L-1) (de Oliveira et al., 

2021). Whether absolute increases at TPP differ substantially from those at standardised time points, is 

unknown. Indeed, the mean increase shown at TTP by Gough et al. (2018) (+6.5 ± 1.3 mmol.L-1) 

resembles increases shown at 60 min (+6.1 Dias et al, 2015; +5.1 Jones et al, 2016; +5.7 Gough et al, 

2017), 90 min (+6.5 Jones et al. 2016; +6.1 Gough et al, 2017) and 120 min (+6.5 Jones et al, 2016; 

+5.6 Gough et al, 2017) with a matched 0.3 g.kg-1 BM aqueous dose of SB. Pertinent to the current 

study, blood [HCO3
-] was also similar 60-, 120- and 180-min post-ingestion in GEL capsules (Siegler 

et al. 2012). Oliveira et al. (2020) concludes that sustained or threshold elevations in [HCO3
-] over a 

period time appear more relevant than maximal elevations at TTP. Whether blood [HCO3
-] is 

consistently increased around peak, or elevated above 4 mmol.L-1 for prolonged periods post SC 

ingestion however, was previously unknown.  

Across ingestion forms, blood [HCO3
-] was significantly elevated above baseline from 34 min 

post-ingestion and throughout the remaining sampling period. Absolute change in blood [HCO3
-] 

reached ≥ 4 mmol.L-1 after 85-102 min had elapsed, remaining elevated (GEL: +5.3 ± 0.8 mmol.L-1; 

DEL: +5.0 ± 0.8 mmol.L-1; ENT: +5.5 ± 0.8 mmol.L-1) for up to 153 min (153, 136 and 136 min, 

respectively) post-ingestion.  Therefore, it appears that the “period of erogenicity” following SC 

ingestion may equate to ~153 min or more, commencing after at least 85 min. Where TTP blood  
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[HCO3
-] has been proposed as a method of optimising the ingestion of buffering agents (Miller et al., 

2016; Gough et al., 2017), it would appear unnecessary given observations here. Contesting this, 

Boegman et al. (2020) recently demonstrated significant improvements in rowing time trial 

performance following an individualised TTP vs. a generalised SB ingestion strategy (367.0 ± 10.5 vs. 

369.0 ± 10.3 s). This suggests there may be utility in commencing performance where blood alkalosis 

is maximised rather than elevated, although this needs testing across a range of exercise contexts. 

Furthermore, the use of an individualised SC ingestion strategy remains un-investigated. Following 

findings herein, a broader “period of erogenicity” may be an appropriate alternative for SC, particularly 

where finances are limited and/or access to a blood gas analyser is not possible (de Oliveira et al., 2020).  

In conclusion, the ingestion of 0.4 g.kg-1 BM SC appears beneficial to minimise GIS. 

Additionally, meaningful and sustained changes in blood [HCO3
-] were observed throughout (5.1-6.2 

mmol.L-1, with ingestion form exerting limited effects on blood [HCO3
-]. Taken together SC may offer 

a large(r) period of opportunity for an ergogenic effect relative to SB, with reduced GIS. Finally, the 

expensive and laborious process of determining individualised time-to-peak and/or utilising costly 

forms of encapsulation may also be avoidable, although small benefits should be considered.  
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CHAPTER 6 – THE EFFECTS OF CARBOHYDRATE CO-INGESTION ON BLOOD 

ACID-BASE AND GASTROINTESTINAL RESPONSES TO ACUTE SODIUM CITRATE 

INGESTION  
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6.1 Introduction  

Carbohydrate (CHO) intake prior to high-intensity and/or endurance-intensive efforts (Chamari and 

Padulo, 2015) has been shown to improve subsequent performance (Galloway, Lott and Toulouse, 

2014; Ormsbee, Bach and Baur, 2014; Little et al., 2010), likely due to increased delivery and oxidation 

of exogenous CHO stores and glycogen sparing (Jeukendrup, 2004). During intense activity (~85% 

VO2max), energy is almost entirely generated through CHO metabolism, highlighted by a RER of ³1.0 

(van Loon et al., 2001; Romjin et al., 1993). As such, where the aim is to maximise work done in 

training/competition, provision of adequate CHO is pivotal (Close et al., 2016).  

 Alongside high CHO demands, high-intensity activity also promotes rapid production of H+ 

(Keyser, 2010), leading to reductions in both blood and muscle pH, ultimately impairing performance 

(Thomas et al., 2020; Kent-Braun, Fitts and Christie 2012; Sahlin 1992). To counter these acid-base 

disturbances, a plethora of studies have investigated the ingestion of buffering agents such as SC (de 

Oliveira et al., 2021; Urwin et al., 2021a). Sodium citrate (SC) augments extracellular buffering 

capacity via an increase in [HCO3
-] (Heibel et al., 2018). This alkalotic response gives rise to a greater 

efflux of H+ generated during high-intensity activity out of the working muscle and in turn, may resist 

reductions in force and power production that characterise fatigue development (Keyser, 2010). Despite 

this, equivocal effects on exercise performance have been noted following SC supplementation (de 

Oliveira et al., 2021; Urwin et al., 2021a). Such outcomes may be attributed to sub-optimal ingestion 

protocols, where SC failed to maximise blood alkalosis or promoted excessive GIS prior to exercise 

(Urwin et al., 2021a). Presently, the ingestion of 0.4-0.5 g.kg-1 BM SC ~3 h prior to exercise is 

recommended (Cerullo et al., 2020; Urwin et al., 2021a). Administration in GEL capsules rather than 

solution is preferred (Urwin et al., 2019), alongside a CHO-rich meal to mitigate potential GIS (Cerullo 

et al., 2020). For the latter, 1.75 g.kg-1 BM CHO has typically been provided in SC research (Urwin et 

al., 2016; 2019; 2021a), based on Thomas, Burke and Erdman’s (2016) recommendations for acute 

CHO loading. Finally, such quantities should be consumed within 45 min to improve palatability 

without negatively impacting blood HCO3
- kinetics relative to longer ingestion periods (Urwin et al., 

2021b).  
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 Independently, ingestion of both CHO and SC may be beneficial to high-intensity and/or 

endurance intensive efforts by augmenting CHO metabolism and counteracting acid-base disturbances, 

respectively. While some studies in both SC and SB have demonstrated reduced GIS following the 

consumption of a CHO meal (Urwin et al., 2019; 2016; Price and Cripps, 2012; Carr et al., 2011), the 

specific effect of CHO ingestion on HCO3
- kinetics, which may have implications for exercise 

performance, (Boegman et al., 2020; de Oliveira et al., 2018; Gough et al., 2017b) remains to be 

elucidated. If gaining an ergogenic benefit from SC is contingent on the absolute change in blood 

[HCO3
-] and the time course of these changes (de Oliveira et al., 2021; Heibel et al., 2018), then 

clarifying the effect of CHO ingestion on these responses is crucial. Therefore, the aim of this study 

was to examine the effects of acute CHO intake on GIS and blood acid-base responses alongside the 

ingestion of an individualised dose of SC (0.5 g.kg-1 BM).  

 

6.2 Methods 

6.2.1 Participants 

Ten recreationally active males (age, 24 ± 2 years; body mass, 79.7 ± 5.7 kg; height, 1.8 ± 0.1 m; 

VO2peak, 41.9 ± 10.2 mL.kg-1.min-1) took part in this study. Participants completed frequent exercise 

training (≥ 3 d.week-1 for ≥ 2 years) and were without GI issues. Participants were not included if they 

were following a salt-restricted diet or ingesting other buffering agents simultaneously to the current 

study. Participants provided written, informed consent prior to commencing. Ethical approval was 

granted by the institutional ethics committee (ETH2021-0301). 

 

6.2.2 Experimental overview 

In a double-blind, randomised crossover design, participants attended the laboratory on five separate 

occasions. The initial visit included the measurement of BM (kg), height (m) and VO2peak, replicating a 

previously outlined protocol (Deb et al., 2018). The four remaining trials consisted of two SC trials (0.5 

g.kg-1 BM) and two sodium chloride trials (0.07 g.kg-1 BM) wherein each substance was ingested both 

with (SC-CHO and CON-CHO, respectively) or without (SC and CON, respectively)  

CHO (1.75 g.kg-1 BM (Thomas, Erdman and Burke, 2016; Burke, Kiens and Ivy, 2004; Hargreaves, 
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Hawley and Jeukendrup, 2004). Trials were counterbalanced using a Balanced Latin Square generator 

and completed at least 48 h apart to facilitate washout of residual blood HCO3
- (Siegler et al., 2012). 

Participants were to avoid alcohol or caffeine beverages (Guest et al., 2021; El-Sayed, Ali & Ali, 2005) 

for 12 h and strenuous exercise 24 h (Tornero-Aguilera et al., 2022) before each trial.   

 

Trials were completed at a similar time-of-day to account for circadian variation (Ayala et al., 

2021). Following an overnight fast, participants arrived at the laboratory and ingested SC or sodium 

chloride, administered in size 0 opaque (white) capsules, either with or without CHO (gluten-free 

porridge oats, Flahavans, Ireland). Based on the average BM of all participants (79.7 kg), this equated 

~ 134.3 g CHO (713 kcal, 10.1 g fat and 20.2 g protein). All capsules were manually filled by a 

laboratory technician using a capsule filling device (Capsule Connection LLC, USA) and tested for 

accuracy regularly (Fisher, OHAUSTM). Capsules were consumed with 500 ml of room temperature 

water (18°C) within 30 min of arrival (Urwin et al., 2021b). After ingestion, water was permitted ad 

libitum, with consumption during the first trial replicated closely during subsequent trials. Barring toilet 

breaks, participants remaining seated. 

 

6.2.3 Acid-Base Balance Responses 

Ingestion response(s) were determined based on the time course of blood [HCO3
-] and pH changes over 

a 4 h sampling period. Fingertip capillary blood samples (95 μL) were obtained pre-ingestion and for a 

further 14 times, spread equally over the 238 min period. Samples were collected in heparin-coated 

capillary tubes (Radiometer Medical Ltd, Denmark) and analysed immediately (Radiometer ABL800 

BASIC, Denmark) for blood [HCO3
-] and pH. Blood HCO3

- measurements were then used to establish 

key characteristics of each trial; lag time (Tlag), peak blood [HCO3
-] (Cmax), change in Cmax (∆Cmax), 

time-to-reach Cmax (Tmax) and area under the curve (AUC). Bicarbonate Tlag is taken as the point at 

which blood [HCO3
-] increased beyond normal daily fluctuation; established individually following 

ingestion of CON.  
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6.2.4 Gastrointestinal Symptoms  

At each interval, a GI questionnaire was completed to assess the severity of a range of GIS using a 

visual analogue scale ([VAS] where 0 = no symptom and 10 = most severe) (Gough et al., 2017a). 

Symptoms include nausea, flatulence, stomach cramping, belching, stomach-ache, bowel urgency, 

diarrhoea, vomiting and stomach belching.  

 

6.2.5 Statistical Analyses 

Data were analysed for normality (Shapiro-Wilks and Q-Q plots) and homogeneity of 

variance/sphericity (Mauchly) before undergoing further statistical analysis. Both one-way (treatment) 

and two-way (treatment/time) repeated measures ANOVA were used to deduce differences in blood 

and GIS parameters with Bonferroni pairwise comparisons. Where sphericity was violated, Greenhouse 

Geiser correction was applied. Effect sizes were calculated using partial eta squared (ηp
2), characterised 

as trivial (<0.20), small (0.20-0.49 AU), moderate (0.50-0.79 AU) or large (³ 0.80 AU) as previously 

proposed (Cohen, 1988). Quantifying GIS, ‘total symptoms’ (sum of each individual reported score) 

and ‘TTP severity’ (first instance of largest individual score) were used to determine overall GIS 

responses. Statistical significance was set at P <0.05. Heteroscedasticity was assessed using Bland-

Altman plots. Variables that were determined to be heteroscedastic were log transformed. Zero scores 

for GIS were inputted for statistical analysis as 0.01.. Calculations were carried out using Microsoft® 

Excel 2019 (Microsoft Inc, Redmond, WA, USA), with statistical procedures completed using SPSS 

version 27 (IBM, Chicago, IL, USA). 

 

6.3 Results  

6.3.1 Acid-Base Responses 

Consumption of CHO had no significant effect on either blood [HCO3
-] (F1,2 = 1.080, P = 0.408, ηp

2 = 

0.351) or pH (F1,2 = 3.261, P = 0.213, ηp
2 = 0.620) (Figure 6.1). Where no CHO was consumed, average 

blood [HCO3
-] was significantly higher following SC (28.7 ± 1.0) compared to CON (24.2 ± 0.02) (F1,2 

= 18.848, P = 0.049, ηp
2 = 0.904). Without CHO, average blood pH was also significantly higher 

following SC (7.468 ± 0.015) compared to CON (7.406 ± 0.014) (F1,2 = 20.017, P = 0.047, ηp
2 = 0.909). 
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In the post-ingestion time-period, there were significant effects on blood [HCO3
-] (F14,28 = 23.301, P < 

0.001, ηp
2 = 0.921) but not pH (F14,28 = 2.417, P = 0.547, ηp

2 = 0.547). For pH alone, a significant 

interaction between CHO intake and no CHO trials was highlighted (F1,2 = 28.210, P = 0.034, ηp
2 = 

0.934). Additional trial x time interactions were also detected following the ingestion of no CHO for 

both blood [HCO3
-] (F14,28 = 18.803, P = < 0.001, ηp

2 = 0.904) and pH (F14,28 = 5.994, P < 0.001, ηp
2 = 

0.750) 

After SC ingestion, ∆Cmax values (HCO3
-) were similar during both CHO and no CHO trials 

(7.5 ± 0.4 mmol.L-1 and 6.1 ± 0.6 mmol.L-1, respectively; P = 0.291) (Figure 6.2). Time to peak 

[HCO3
-] (Tmax) occurred earlier during SC (165 ± 12 min) compared to SC-CHO (197 ± 10 min), 

although this difference was not significant (P = 0.278). Key blood HCO3
- kinetics are presented in 

table 6.3. Blood pH peaked earlier than blood [HCO3
-], with similar Tmax noted for both SC-CHO and 

SC (155 ± 13 vs. 159 ± 19 min, respectively; P > 0.50). Absolute change in blood pH did not differ 

significantly between SC-CHO and SC (0.108 ± 0.008 vs. 0.089 ± 0.013, respectively; P > 0.50).  
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Figure 6.1 Mean (± SD) blood [HCO3
-] (A) and pH (B) pre- and post-ingestion of 0.5 g.kg-1 body mass 

(BM) sodium citrate (SC) or sodium chloride control (CON). CHO indicates the co-ingestion of 1.75 

g.kg-1 BM of carbohydrate. Some error bars are omitted for clarity. *Denotes a significant difference 

between SC and CON trials (P < 0.05). 
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Figure 6.2. Absolute change (DCmax) in bicarbonate concentration [HCO3

-] following the ingestion of 0.5 g.kg-1 body mass (BM) sodium citrate (SC) either 

with (SC-CHO) or without (SC) the co-ingestion of 1.75 g.kg-1 BM carbohydrate (CHO). Both individual and group level data are presented. 
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Table 6.1. Within trial variation in bicarbonate (HCO3
-) kinetic variables following the ingestion of 0.5 g.kg-1 body mass (BM) sodium citrate (SC) or  

0.07 g.kg-1 BM sodium chloride control (CON), both with and without the co-ingestion of 1.75 g.kg-1 BM carbohydrate (CHO). 

 SC-CHO SC CON-CHO CON 

Variable Mean ± SD CV Mean ± SD CV Mean ± SD CV Mean ± SD CV 

Tlag (min) 24.3 ± 1.1 52.7 24.3 ± 1.3 55.8 N/A N/A N/A N/A 

Cmax (mmol.L-1) 31.8 ± 1.3 1.3 30.5 ± 1.8 1.8 25.1 ± 1.0 1.0 24.5 ± 0.9 0.9 

DCmax (mmol.L-1) 7.5 ± 1.2 15.4 6.1 ± 1.9 30.3 0.8 ± 0.8 96.4 0.4 ± 0.5 132.9 

Tmax (min) 197.2 ± 32.3 16.4 164.9 ± 37.6 22.8 81.6 ± 71.1 87.2 22.7 ± 28.2 124.3 

AUC (mmol.min.L-1) 684.1 ± 37.7 5.5 675.5 ± 38.9 5.8 N/A N/A N/A N/A 

 

Notes: CV, coefficient of variation; Tlag, lag time; Cmax, peak bicarbonate concentration; ∆Cmax, change in peak bicarbonate concentration; Tmax, time to peak 
bicarbonate concentration; AUC, area under the curve. CV calculated as 100 x (standard deviation(SD)/m 
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6.3.2 Gastrointestinal symptom(s) (GIS) 

There was no significant effect of CHO intake on total GIS experienced (F1,9 = 0.100, P = 0.759, ηp
2 = 

0.011), following the ingestion of either SC or CON (Total symptom score: 2.9 ± 3.5 vs. 14.5 ± 19.9 

AU, respectively). Furthermore, without CHO intake, total GIS experienced remained similar (F1,9 = 

0.207, P = 0.660, ηp
2 = 0.022) between SC or CON trials (Total symptom score: 7.3 ± 15.2 vs. 3.5 ± 7.6 

AU, respectively). Nine of ten participants experienced at least one instance of GIS in at least one trial, 

with the co-ingestion of CON with CHO associated with the most cases of any reported GIS (8/10 

participants) compared to CON without CHO, where GIS were least frequent (3/10) (Table 6.2).  

 Peak individual GIS were reported almost exclusively (13/15 instances) after 17 min, 

irrespective of trial completed, representing the first sample post-ingestion. No relationships were 

highlighted in peak GIS between trials. Following the ingestion of SC alone, one participant 

experienced GIS at Tmax (4 AU total), with no further instances of GIS reported at Tmax. However, this 

participant appeared to display high GIS relative to the remaining sample, based on a significantly 

greater total symptom score relative to group values (49 vs. 7.3 ± 15.2 AU). Nausea (15.9%), stomach 

cramp (9.1%) and flatulence (8.0%) emerged as the most common GIS overall, whilst diarrhoea (4.4 ± 

1.6 AU), vomiting (4.0 ± 0 AU) and belching (4.0 ± 0 AU) produced the greatest average severity 

ratings overall (Table 6.3).  
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Table 6.2. Individual peak gastrointestinal symptom(s) (GIS) reported following the ingestion of 0.5 g.kg-1 body mass 
(BM) sodium citrate (SC) or 0.07 g.kg-1 BM sodium chloride (CON), both with and without the co-ingestion of 1.75 
g.kg-1 BM carbohydrate (CHO). Symptom scores are displayed in parentheses and are expressed as arbitrary units 
(AU). 
Participant SC-CHO SC CON-CHO CON 

1 None (0.0) None (0.0) 

 

Stomach bloating (3.0) None (0.0) 

 

2 Bowel urgency (3.0) None (0.0) 

 

Bowel urgency (3.0) None (0.0) 

 

3 Bowel urgency (2.0) 

 

Nausea (3.0) Flatulence (1.0) None (0.0) 

 

4 None (0.0) 

 

Diarrhoea (7.0) Vomiting (7.0) None (0.0) 

 

5 Belching (4.0) None (0.0) 

 

Nausea (6.0) Vomiting (4.0) 

6 None (0.0) 

 

Stomach bloating (9.0) Vomiting (6.0) None (0.0) 

 

7 None (0.0) 

 

None (0.0) 

 

None (0.0) 

 

None (0.0) 

 

8 None (0.0) 

 

None (0.0) 

 

Stomach cramp / ache / belching (5.0) 

 

Stomach-ache (3.0) 

9 None (0.0) 

 

None (0.0) 

 

None (0.0) 

 

None (0.0) 

 

10 None (0.0) None (0.0) None (0.0) None (0.0) 
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Table 6.3. Frequency and severity of gastrointestinal symptoms (GIS) reported following the ingestion of 0.5 g.kg-1 body mass (BM) of sodium citrate (SC) or 
0.07 g.kg-1 sodium chloride (CON), both with and without 1.75 g.kg-1 BM carbohydrate (CHO). The most frequent and severe GIS are highlighted. N = 10. 

  Overall    SC-CHO  SC   CON-CHO   CON  

Symptoms  %  Mean ± SD    %  Mean ± SD    %  Mean ± SD    %  Mean ± SD    %  Mean ± SD  

Nausea  15.9 3.2 ± 1.7  22.2 4.0 ± 1.4  25.0 2.5 ± 0.8  13.6 3.3 ± 1.8  45.5 3.4 ± 2.7 

Flatulence  8.0 2.3 ± 1.1  0.0 0.0 ± 0.0  4.2 2.0 ± 0.0  11.4 2.2 ± 1.3  9.1 3.0 ± 0.0 

Stomach cramp  9.1 3.3 ± 1.2  11.1 3 ± 0.0  4.2 3.0 ± 0.0  13.6  3.3 ± 1.4  0.0 0.0 ± 0.0  

Bowel urgency  4.5 2.1 ± 0.9  44.4 2.3 ± 1  12.5 2.3 ± 0.6  15.9  2.0 ± 1.2  0.0 0.0 ± 0.0 

Diarrhoea  4.5 4.4 ± 1.6  0.0 0.0 ± 0.0  8.3 6.0 ± 1.4  0.0 0.0 ± 0.0  0.0 0.0 ± 0.0 

Vomiting  1.1 4.0 ± 0.0  0.0  0.0 ± 0.0  0.0 0.0 ± 0.0  4.5 6.5 ± 0.7  9.1 4.0 ± 0.0 

Stomach bloating  1.1 3.5 ± 2.1  11.1 5.0 ± 0.0  33.3 3.6 ± 2.3  27.3 3.8 ± 1.2  27.3 2.7 ± 1.5 

Belching  1.1 4.0 ± 0.0  11.1 4.0 ± 0.0  0.0 0.0 ± 0.0  0.0 0.0 ± 0.0  0.0 0.0 ± 0.0 

Stomach-ache  5.7 3.0 ± 1.5  0.0  0.0 ± 0.0  12.5 1.7 ± 0.6  13.6 3.7 ± 1.5  9.1 3.0 ± 0.0 

Any 0.5 3.7 ± 1.1  0.5 3.7 ± 1.1  1.3 3.0 ± 1.5  2.3 3.5 ± 1.5  0.6 3.0 ± 0.3 

Notes: Overall percentage includes those who reported GIS after at least one trial. Any percentage describes instances of reported GIS relative to total scores reported.  
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6.4 Discussion 

To gain a performance benefit from SC ingestion, there needs to be a rise in circulating [HCO3
-], with 

any increases theoretically leading to a corresponding change in buffering capacity (Heibel et al., 2018). 

Although absolute change in [HCO3
-] (∆Cmax) following SC ingestion was greater with CHO (7.5 ± 0.4 

mmol.L-1) compared to without (6.1 ± 0.6 mmol.L-1), this was not significantly different, with both trials 

producing potentially meaningful changes in [HCO3
-] (de Oliveira et al., 2021). Specifically, de 

Oliveira et al. (2021) noted that the greatest ergogenic effects following the ingestion of either SC or 

SB were obtained when ∆Cmax were medium (+ 4-6 mmol.L-1) and large (> 6 mmol.L-1) vs. small (≤ 4 

mmol.L-1). Changes in [HCO3
-] presented here would therefore appear to demonstrate a ‘large’ change 

in circulating HCO3
-, suitable to gain an ergogenic benefit (Heibel et al., 2018). Values for ∆Cmax were 

similar to increases reported by Urwin et al. (2021b; 2019) utilising the same SC dosage (0.5 g.kg-1 

BM), provided in the same form (gelatine capsules) and ingested over the same period (30 min) (7.5 

(6.5-8.4) and 7.9 (7.2-8.6) mmol.l-1, respectively). In summation, this ingestion protocol appears to 

induce meaningful changes in blood [HCO3
-], to levels that could support a positive ergogenic 

performance benefit. 

 Despite similarities in ∆Cmax, peak [HCO3
-] in the current study occurred notably earlier than 

suggested by Urwin et al. (2021b; 2019), who observed Tmax ~204-242 (188-290) min post-ingestion, 

compared to ~165-197 (119-238) min following post-ingestion of SC herein. This is somewhat 

surprising, given Urwin and colleagues provided multiple transportable CHO in both liquid and solid 

forms (750 ml of sports drink, bread, jam, bananas and muesli bars), individually thought to enhance 

gastric emptying (Jeukendrup and Killer, 2010; Jeukendrup and Moseley, 2010), potentially leading to 

a faster Tmax vs. the current study, wherein only porridge oats were given. Although the precise reason 

for the differences in Tmax observed remain unclear, large inter-individual variation is evident across 

both samples (~119-290 min) which has implications for any potential individualised approach to SC 

ingestion. 

Based on such large variability in blood acid-base responses following the ingestion of 

buffering agents, recent work is moving from generalised, to more individualised approaches (Gough 

et al., 2017a, 2017b; Miller, 2016). Coupled with evidence supporting a consistent intra-individual 
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response to the same dose provided on different days (de Oliveira et al., 2020; Gough et al., 2017a), it 

has been recommended that exercise be commenced at pre-determined, individual Tmax, whereby 

buffering capacity is maximised (Heibel et al., 2018). Such a response is dependent on the reliability of 

blood acid-base balance responses across days, both as a product of daily fluctuations as the result of 

net endogenous acid production and, following SC ingestion, which requires investigation. In study 1 

(Chapter 4), it was observed that while SC produced substantial changes in blood alkalosis (pH and 

[HCO3
-]) alongside minimal GIS (particularly around individual Tmax), blood alkalotic responses 

(including TTP) were highly variable, failing to support the use such a strategy. 

 

Overall, CHO intake did not impact GIS following either SC or CON, with similar average 

total symptom scores, both with (P = 0.759) and without CHO (P = 0.660). Furthermore, only one 

participant reported GIS at the point of peak [HCO3
-] (Tmax); a time at which exercise is likely to be 

commenced for individuals utilising an individualised approach to ingestion (Heibel et al., 2018).  

Intriguingly, although absolute change in [HCO3
-] (∆Cmax) following SC ingestion was greater with 

CHO (7.5 ± 0.4 mmol.L-1) compared to without (6.1 ± 0.6 mmol.L-1), this was not significantly different, 

with both trials producing potentially meaningful changes in [HCO3
-] (de Oliveira et al., 2021). These 

data suggest that whilst CHO intake does not appear to improve the GIS or blood alkalotic response to 

SC, CHO did not adversely affect these responses and as such, may be co-consumed to support CHO 

metabolism during high intensity and/or endurance intensive efforts (Close et al., 2016). In the present 

study, peak GIS emerged almost exclusively in the first measurement post-ingestion (13/15 instances), 

with scores from 1 to 8 AU provided (4.4 ± 2.2 AU) across all trials. GIS typically dissipated within 30 

min of peak GIS emerging (31 ± 19 min), indicating GIS were largely overcome earlier than 60-90 min 

as previously reported for peak GIS post-ingestion (Urwin et al., 2019; 2016) and, before the emergence 

of peak [HCO3
-] after ~3 h (Urwin et al., 2021a; Cerullo et al., 2020).  

 Whilst encapsulation may mitigate GIS following SC ingestion compared to aqueous delivery 

(Urwin et al., 2019), ingesting the large quantity of capsules necessary to provide 0.4-0.5 g.kg-1 BM 

may independently present problems (Cerullo et al., 2020; Aedma, Timpmann and Ööpik, 2015), 

particularly alongside the intake of CHO (Urwin et al., 2019). Urwin et al. (2019) found that ingestion 
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of capsules caused “loss of appetite” more frequently than solution, attributed to the greater ingested 

volume/mass of capsules plus CHO. Similarly, many participants in the present study expressed 

difficulty consuming the large volumes of CHO and SC provided. Given that there was no notable 

difference in GIS experienced between SC and CON trials, with both the most (and least) severe GIS 

response observed in the latter, GIS may not have been attributable to SC alone. Although greater total 

ingested volume and/or mass have been shown to slow gastric emptying rate and potentially increase 

GIS (Rolls et al., 1998; Moore, Christian and Coleman, 1981; Hunt and Stubbs, 1975), the effect of 

small changes in either factor has not been directly investigated. Future research may seek to clarify 

any effect of small changes in ingested volume/mass. Chronic loading of CHO may also be considered 

as a method to achieve this (Close et al., 2016). 

 

  To conclude, the acute CHO intake did not negatively impact total GIS or blood HCO3
- kinetics 

alongside SC ingestion (i.e., ∆Cmax and Tmax) and as such, may be consumed to support CHO 

metabolism alongside augmented extracellular buffering capacity. Co-consuming large quantities of 

CHO and SC is not without risk, promoting a prompt GIS response immediately post-ingestion. While 

this response dissipated quickly, prior to any significant changes in [HCO3
-] (Tmax), athletes may be 

discouraged from this approach. To this end, future research may consider methods such as chronic 

loading of CHO, as a means of reducing total volume/mass ingested in a single instance. Finally, given 

the substantial variation in Tmax within the current study independently and compared to similar 

ingestion protocols, it is recommended that researchers consider the utility of an individualised 

approach to SC ingestion. The reliability of blood acid-base responses to various doses of SC is of 

particular interest. 
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CHAPTER 7 – THE EFFECT OF SODIUM CITRATE INGESTION TIMING ON FOUR 
KILOMETRE TIME TRIAL PERFORMANCE AND RECOVERY 
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7.1 Introduction 

High-intensity to endurance-intensive efforts (>6 s to 1+ min) are associated with high levels of 

glycolytic flux (van Loon et al., 2001; Romjin et al., 1993), simultaneous to reductions in both muscle 

and blood pH and [HCO3
-] (Fitts, 1994). Peripheral fatigue is mechanised when any of the associated 

regulatory/support systems are unable to promote the necessary muscular contractile force and/or 

sustain the bioenergetics and waste removal required (Keyser, 2010). In one example, higher H+ 

production versus removal rate represents the limits of endogenous HCO3
- buffering capacity and as 

such, exogenously increasing the contribution of this system appears a logical approach to pH regulation 

during intense efforts (Heibel, 2018), prior to any longer-term adaptive changes (McGinley and Bishop, 

2017; 2016; Pilegaard, Juel and Wibrand, 1993). 

Pre-exercise ingestion of 0.5 g.kg-1 BM SC, administered in GEL capsules, may induce notable 

increases in blood pH (0.108 (0.092-0.126) -log10[H+]) and [HCO3
-] (7.7 (6.5-8.9) mmol.L-1) from 

baseline (Urwin et al., 2019; 2021a), with the latter rising to concentrations comparable with a popular 

alternative, SB (Urwin et al., 2022). Urwin et al. (2022) also observed a similar frequency and severity 

of GIS, with somesuggestions that this may even be less post-ingestion with SC (Peacock et al., 2021; 

Requena et al., 2005). Despite this, SB has received more research attention and appears more effective 

for performance compared to SC (de Oliveira et al., 2021). Recent reviews (Urwin et al., 2021; Cerullo 

et al., 2020) have discussed the role of ingestion protocols, and in the equivocal findings post-SC 

ingestion (see also: Carr, Hopkins and Gore, 2011b). Specifically, timing, mode and duration of 

ingestion have received attention, although a large proportion of the evidence originates from work 

conducted with SB (Hilton et al., 2019; 2020a; 2020b; Gough et al., 2017a; 2017b; Miller et al., 2016). 

A current approach to ingestion timing involves commencing exercise at individual TTP 

[HCO3
-] (Tmax), based on highly variable inter-individual responses (Miller et al., 2016).  Whilst the 

utility of maximal vs. ‘meaningful’ rises in [HCO3
-] remains debatable (de Oliveira et al., 2021; 2020), 

this approach has demonstrated some efficacy, with Boegman et al. (2020) eliciting a 2 s improvement  

in 2000 m rowing performance with individualised timing against a generalised approach (367.0 ± 10.5 

s vs. 369.0 ± 10.3 s). Furthermore, Lassen, Lindstrøm and Lønbro (2021) produced a 6 s benefit in a 
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3.5 km running TT following an individualised approach, although this was only compared to a placebo 

(775.5 ± 16.2 s vs. 781.4 ± 16.1 s) and as a result, it is difficult to isolate the influence of 

individualisation. 

Although positive, the usability of this approach is contingent on reliable ‘day-to-day’ blood 

acid-base responses (Gough et al., 2017a; 2017b) and required elucidating using SC. In study 1 (chapter 

4), limited reliability in key HCO3
- kinetics including both Tmax and absolute change (∆Cmax) from 

baseline was identified, challenging the use of such an approach. Notwithstanding, 0.5 g.kg-1 BM 

promoted marked elevations in [HCO3
-] (5.9 ± 1.8) throughout, with limited total GIS.  

Acute GIS are a relatively common side-effect of ingesting large quantities of exogenous 

buffers, exacerbated when delivered as an aqueous solution (Carr et al., 2011b). Ergogenic effects may 

still occur where GIS are present (Miller et al., 2016; Price and Simons, 2010), although GIS may be 

ergolytic for some (Deb et al., 2018; Saunders et al., 2014; Cameron et al., 2010) and/or or discourage 

use entirely (Heibel et al., 2018). Hilton et al., (2020b) postulates that symptom severity may modulate 

the effects on performance, as opposed to total GIS. Accordingly, methods of protecting against even 

small changes in GIS warrant consideration. In study 2 (Chapter 5), ENT, DEL and GEL encapsulation 

of 0.5 g.kg-1 BM SC was compared. Ingestion form had no significant effect on total GIS, with 6/14 

participants experiencing zero symptoms throughout. Significant differences in Tmax were observed 

between ENT (178.5 ± 32.5 min) and GEL (153 ± 27.4 min). Additionally, ∆Cmax was greater in ENT 

(6.2 ± 0.8 mmol.L-1) vs. DEL (5.1 ± 1.0 mmol.L-1).  Despite this, all forms promoted meaningful 

increases in [HCO3
-] (5.1-6.2 mmol.L-1) which, coupled with a lack of effect on total GIS suggests that 

affordable GEL encapsulation may be as valuable as more expensive ENT and DEL formulations with 

some alterations in HCO3
- kinetics. Previous work by Urwin et al. (2021a) has suggested that ingestion 

(GEL) should take place over a period of  > 60 min (15, 30 or 45 min) to avoid lessening increases in 

both blood and [HCO3
-].  

Utilising insight developed in study 1-3 (chapters 4-6), the aim of the present study was to re-apply 

findings to an exercise model (repeated 4 km TT) to determine the ergogenicity of acute SC ingestion. 

Repeated 4 km TT were completed as a means to determine the influence of SC ingestion on potential 
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acid-base recovery and, to allow the assessment of SC when exercise was commenced at peak 

[HCO3
-] or, where [HCO3

-] is likely to be meaningfully but not maximally elevated (+4 mmol.L-1 or 

more). 

 

7.2 Methods 

7.2.1 Participants 

Seven recreationally trained cyclists (de Pauw et al., 2013) participated in this study (mean ± SD: age, 

27 ± 6.0 years; body mass, 79.4 ± 4.4 kg; height 179.0 ± 5.5 m; peak oxygen uptake (VO2peak), 44.9 ± 

9.3 mL.kg-1.min-1). All participants took part in regular exercise (> 4 h.week-1) and were free of GI-

related disorders. Exclusion criteria precluded those with hypertension, renal impairment or following 

a salt-restricted diet. Participants were also not to ingest any other nutritional supplements or 

medications concurrent to the current study (ETH2021-0301). 

 

7.2.2 Experimental Design  

In a randomised, double-blind and crossover design, participants attended the laboratory at the same 

time of day (Ayala et al., 2021) (11:00 h) on eight occasions, seperated by ≥ 48 h. Prior to the 

experimental conditions, participants completed a preliminary test of VO2peak and three separate 

familiarisation sessions (4 km cycling TT). In the remaining four visits, participants performed a 

repeated 4 km TT protocol under varied experimental conditions, administered in a counterbalanced 

order as determined by a Latin square generator. Experimental trials required the consumption of  

0.5 g.kg-1 BM of SC on two occasions (~128 or ~153 min prior to exercise), a control (0.07 g.kg-1 BM 

sodium chloride and cornflour) or a placebo (cornflour only). Breakfast in the form of plain porridge 

oats (1.75 g.kg-1 BM) was co-consumed in each trial. Both the supplement and CHO were consumed 

prior to arrival at the laboratory, with verbal confirmation of adherence. Participants were instructed to 

abstain from alcohol (El-Sayed, Ali and Ali, 2005) or caffeine (Guest et al., 2021) consumption for  

12 h, and strenuous exercise 24 h prior to each visit (Tornero-Aguilera et al., 2022). Water intake was 
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encouraged in the 24 h prior to experimental testing (Arnaoutis, 2022) and after an overnight fast, used 

to limit potential variance on gastric emptying rates (Davis et al., 1986) from prior food intake. On 

arrival to the laboratory, the protocol and procedures were reaffirmed.
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7.2.3 Preliminary Testing 
 
Participants completed ramp test to volitional exhaustion on an electromagnetically braked cycle 

ergometer (Lode Excalibur Sport, Groningen, The Netherlands). Following a 5 min warm-up at a self-

selected cadence (70-100 rev.min-1), workload was increased by 1 W every 2 s (30 W.min-1) until 

volitional cessation. Breath-by-breath gases were measured continuously throughout using a gas 

analyser (K5, Cosmed, Italy) alongside heart rate (Polar®, Kempele, Finland).  A selection of criteria 

as proposed by Midgley et al. (2007) were used to confirm that VO2peak had been reached: (i) heart rate 

within 10 beats.min-1 of age predicted maximum (220-age); (ii) respiratory exchange ratio > 1.10 AU 

and (iii) RPE  18-20 AU. On three sperate days participants performed repeated 4 km cycling TT’s, 

intervened by 35 min, to familiarise themselves with the exercise task. 

 In all trials but one, exercise was scheduled to commence at a generalised 

timepoint, based on the mean time-to-peak [HCO3
-] from study 1 (chapter 4) of ~153 ± 35 min.  In the 

remaining trial (0.5 g,kg-1 BM SC), exercise was commenced 35 min earlier, based on the inter-

individual variation in mean TTP.  This approach was adopted so that the effect of increased [HCO3
-] 

could be compared, when the first vs. the second 4 km TT began around peak [HCO3
-]. To ascertain the 

SC and sodium chloride dose, semi-nude body mass was recorded (Seca 700, Seca GmbH, Germany).  

Once the total quantity of capsules was calculated for the SC trials, this number was matched in both 

the control and placebo trial to aid blinding. Supplements were administered in size 0 opaque GEL 

capsules (Bulk Powders™, Colchester, UK) and were manually filled by a trained laboratory technician 

using a capsule filling device (Capsule Connection LL, Arizona, USA). All supplement doses were 

checked for accuracy pre-administration (Ohaus ®, Fisher Scientific™, Pennsylvania, USA) and were 

ingested with 500 ml of water within 10 min. 
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7.2.4 Experimental Trials 

Once the participants arrived at the laboratory, a resting period of 10 min was allowed before initial 

measures were taken. This involved determining GIS as well as resting heart rate, blood [La-] and acid-

base balance.  Fingertip capillary blood samples (95 µL) were collected in heparin-coated glass capillary 

tubes (Radiometer Medical Ltd, Copenhagen, Denmark) using an aseptic technique and analysed 

immediately (Radiometer ABL800 Basic, Copenhagen, Denmark) for [HCO3
-] and pH alongside [Na+], 

[K+] and [Cl-]. A further 5 µL sample was collected from the same site to obtain [La-] using a portable 

analyser (Lactate Pro 2, LT-1730, Arkray, Japan).  

 

7.2.5 Time Trials 

Participants established a preferred handlebar and saddle position based on the Hamley method, 

believed to provide optimum aerobic power (Hamley and Thomas, 1967; Nordeen-Snyder, 1977; 

Shenum and Devries, 1976) which was recorded and utilised for all other experimental trials. After a 5 

min self-selected warm-up, heart rate, GIS, [La-] and blood acid-base balance was again determined. A 

4 km cycling TT was then performed on an air-braked cycle ergometer (Wattbike Pro, Wattbike, 

Nottingham) from a static start. At a range of power outputs (100-1000 W) and sport specific cadences 

(70, 90, 110 and 130 rev.min-1) the Wattbike was found to be highly reliable between bikes (0.6 and 

25.5 W differences at 100 W and 1000 W, respectively) and within repeated measures on the same bike 

(measurement differences of 1.5 W and 1.7 W between trials at 300 W and 600 W, respectively) 

(Wainwright, Cooke and O’hara, 2017). Participants were instructed to complete the TT as fast as 

possible and were blinded from any visual feedback where possible. Participants were notified that 50% 

of the distance had been completed and received strong verbal encouragement during the final 1 km 

only (every 0.1 km).  After 35 min seated rest, during which water was consumed ad libitum, a second 

4 km TT was completed after an identical warm-up. All TTs took place under standardised laboratory 

conditions (temperature 18-20 ℃, humidity 45 ± 5%). 
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7.2.6 Physiological And Perceptual Measures 

During each TT, physiological and perceptual measures were gathered at 1 km increments. Specifically, 

heart rate (Polar®, Kempele, Finland), perceived ratings of overall (RPEO) and lower-limb (RPEL) 

exertion and perceived rating of fatigue (ROF) were recorded (Micklewright et al., 2017; Borg, 1970).  

Post 4 km TT [Bl-] and blood acid-base balance were measured, and GIS noted immediately, using an 

adapted questionnaire (Carr et al., 2011b). This questionnaire required participants to rate symptoms 

including nausea, flatulence, stomach cramping, belching, stomach-ache, bowel urgency, diarrhoea, 

vomiting and stomach bloating on a visual analogue scale.   No symptom was indicated by a score of 

“0”, whereas severe symptoms required a score of “10”. 

 

7.2.7 Statistical Analyses 

Normality was assessed using the Shapiro-Wilk test and via visual inspection of the normality plots 

(Grafen and Hails, 2002). Two-way (condition x time) ANOVA for repeated measures was utilised for 

all physiological (e.g., blood [La-] and heart rate), perceptual (e.g., RPEO, RPEL, ROF and GIS), 

performance (i.e., performance times and power) and acid base-balance (e.g., blood [HCO3
-], pH and 

electrolytes) variables. Where a significant main effect was highlighted, Bonferroni-adjusted post-hoc 

paired comparisons were   completed (Nevill et al., 2002). Effect sizes are given as partial eta-squared 

(ηp2) for one- and two-way ANOVA, while Hedge’s g and 95% confidence intervals (CI) were 

calculated for paired comparisons (Lakens, 2013). Effect sizes are described as small (ηp2 = 0.01; g = 

0.2), medium (ηp2 = 0.06; g = 0.5) or large (ηp2 = 0.14; g = 0.8) (Cohen, 1988). Statistical significance 

was set at P <0.05. Descriptive data are presented as mean ± SD throughout. Data were analysed using 

SPSS version 28 (IBM®, Chicago, USA). 
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7.3 Results 

7.3.1 Exercise Performance 

Time-to-complete the 4 km TT (Figure 7.1) was similar between each trial (F3,18 = 0.3, P = 0.846, ηp2 

= 0.043), with an average completion time of 382.71 ± 37.55 s in TT 1, compared to 386.95 ± 38.72 s 

in TT 2 (F1,6 = 2.8, P = 0.143, ηp2 = 0.321). Acute ingestion of SC had no effect on power output (Figure 

7.2), with a similar average power (230 ± 59 and 219 ± 57 W in TT1 and TT2, respectively) across all 

trials (F3,36 = 1.2, P = 0.331, ηp2 = 0.090).  No interaction was observed between condition and TT 

number (1 vs. 2) (F3,36 = 0.6, P = 0.609, ηp2 = 0.049), although there were significant variations in power 

output across the TT’s (F3,36 = 14.1, P < 0.001, ηp2 = 0.540). Power output after 1 km (223 ± 87 W), 2 

km (199 ± 55 W) and 3 km (205 ± 50) was similar across trials, with a notable increase in the final km 

(270 ± 39 W, P = < 0.001).  
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Figure 7.1. Mean (± SD) time-to-completion following the ingestion of 0.5 g.kg-1 body mass (BM) 

sodium citrate (SC), a control substance (0.07 g.kg-1 BM sodium chloride and cornflour) or a placebo 

(cornflour only). On-peak = TT 1 commenced at group time-to-peak (153 ± 35 min) bicarbonate 

concentration [HCO3
-] (TT 1 153 min post-ingestion). Off-peak = TT1 commenced 35 min before group 

time-to-peak [HCO3
-] (118 min post-ingestion).  
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Figure 7.2. Mean (± SD) power output following the ingestion of 0.5 g.kg-1 body mass (BM) sodium 

citrate (SC), a control substance (0.07 g.kg-1 BM sodium chloride and cornflour) or a placebo (cornflour 

only). Time trial 1 (TT 1) is displayed above (A) and time trial 2 (TT 2) is shown below (B) On-peak = 

TT 1 commenced at group time-to-peak bicarbonate concentration [HCO3
-] (153 min). Off-peak = TT1 

commenced 35 min before group time-to-peak [HCO3
-] (118 min). *Denotes a significant difference 

from the previous timepoint (P < 0.05). 
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7.3.2 Acid-Base Balance 

A significant effect of trial on blood [HCO3
-] was observed (F3,36 = 14.2, P = < 0.001, ηp2 = 0.543) 

(Figure 7.3). Pairwise comparisons highlighted a meaningful difference in blood [HCO3
-] for off-peak 

SC (26.2 ± 2.0 mmol.L-1) relative to both the control (21.9 ± 2.7 mmol.L-1, P = 0.002) and placebo trials 

(21.4 ± 1.9 mmol.L-1, P < 0.001). Blood [HCO3
-] was similar between the on-peak  

(23.9 ± 2.8 mmol.L-1), control and placebo trials, as well as for all remaining comparisons (P > 0.05). 

Blood [HCO3
-] pre-and post-WU was similar (26.5 ± 2.3 vs. 26.1 ± 2.4 mmol.L-1, P = 0.830) but 

decreased substantially post-TT (17.6 ± 2.4 mmol.L-1, P = < 0.001). An interaction between time and 

TT number was evident (F2,24 = 5.1, P = 0.014, ηp2 = 0.300).  

 An effect of trial on blood pH was also evident (F1,12 = 11.1, P = 0.006, ηp2 = 0.480). 

Acute SC ingestion was associated with an elevated pH in the off-peak trial (7.422 ± 0.038) compared 

to both control (7.361 ± 0.036, P = 0.004) and placebo (7.360 ± 0.030, P = < 0.001), but not in the on-

peak trial (7.391 ± 0.044, both P > 0.05). Mirroring  [HCO3
-], blood pH was similar pre-and post -WU 

(7.430 ± 0.031 vs. 7.421 ± 0.035 -log10[H+], P = 0.423) but dropped markedly post-TT (7.299 ± 0.045, 

P < 0.001). No time x TT number interaction was apparent (F2,24 = 2.5, P = 0.106, ηp2 = 0.171). 

 

7.3.3. Electrolyte Responses 

Trial notably impacted [Na+] post-ingestion (F1,12 = 16.3, P = 0.002, ηp2 = 0.576) (Figure 7.3). Further 

analysis revealed a lower [Na+] in the placebo trial (143 ± 2 mmol.L-1) compared to SC on-peak  

(145 ± 2 mmol.L-1, P = 0.012), SC off-peak (146 ± 2 mmol.L-1, P = < 0.001) and control  

(145 ± 2 mmol.L-1, P = 0.003) trials. Meaningful changes in [Na+] were demonstrated pre-WU to post-

WU (both 144 ± 2 mmol.L-1, P = 0.032), which widened post-WU to post-TT (144 ± 2 vs. 147 ± 2 

mmol.L-1, P = < 0.001). No time x TT number interaction was found (F2,24 = 1.9, P = 0.176, ηp2 = 0.135). 

Trial had a large effect on post-ingestion [K+] (F3,36 = 3.6, P = 0.023, ηp2 = 0.229). Off-peak [K+] was 

lower compared to placebo (4.5 ± 0.5 vs. 5 ± 0.4 mmol.L-1, P = 0.016), with no other differences 

throughout (P = > 0.50). Furthermore, [K+] rose pre-WU to post-WU (4.6 ± 0.5 vs. 4.7 ± 0.5 mmol.L-1, 

P = 0.016) and fell post-WU to post-TT (5.0 ± 0.5 mmol.L-1, P = 0.001). 
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Figure 7.3. Mean (± SD) blood  [HCO3
-] (Top), pH (second top),  [Na+] (middle), [K+] (second  bottom) 

and [La-] (bottom).  Values for pre warmup (WU), post warmup (WU) and post time-trial (TT) are 

displayed for both TT 1 and TT 2. *Denotes a significant difference from the previous timepoint (P < 

0.05). 
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7.3.4 Physiological And Perceptual Responses  

Blood [La-] between trials was similar (F3,36 = 2.1, P = 0.112, ηp2 = 0.152) (Figure 7.3). While blood 

[La-] was comparable pre-to-post WU (3.9 ± 2.1 vs. 4.1 ± 2.1 mmol.L-1, P > 0.50), post TT [La-] were 

substantially greater overall (15.6 ± 4.1 mmol.L-1, P < 0.001). Additionally, interaction between time 

and TT number (F1,12  = 5.7, P = 0.034, ηp2 = 0.324) was highlighted with greater blood [La-] in TT2 vs. 

TT1 pre-WU (5.9 ± 3.4 vs 1.8 ± 0.7 mmol.L-1), post-WU (4.4 ± 2.1 vs 4.1 ± 2.1 mmol.L-1) and post-TT 

(16.2 ± 3.8 vs 15.1 ± 4.4 mmol.L-1). 

Heart rate rose progressively throughout the warm-up and continued to rise throughout the 4 

km TT (F1,12 = 735.3, P = < 0.001, ηp2 = 0.984), although no differences between conditions were 

present (F1,12 = 2.3, P = 0.159, ηp2 = 0.158) nor was there an interaction between condition and time 

(F1,12 = 0.5, P = 0.487, ηp2 = 0.041). Further analysis revealed a significant time x TT number interaction 

(F1,12 = 9.7, P = 0.009, ηp2 = 0.448) with TT 2 demonstrating higher heart rates generally, particularly 

pre-WU (95 ± 15 vs. 68 ± 13 beats.min-1). Similarly, RPEO (F3,36 = 1.2, P = 0.325, ηp2 = 0.091), RPEL 

(F3,36 = 2.3, P = 0.094, ηp2 = 0.161) and ROF (F3,36 = 0.9, P = 0.452, ηp2 = 0.070) did not differ between 

conditions, but there were noticeable increases in RPEO (F3,36 = 73.2, P = < 0.001, ηp2 = 0.859), RPEL 

(F3,36 = 107.5, P = < 0.001, ηp2 = 0.900) and ROF (F3,36 = 125.2, P = < 0.001, ηp2 = 0.913) during the 

TT (Table 7.1). 

 

7.3.5 Gastrointestinal Symptoms  

No GIS were reported pre-ingestion in all conditions (Table 7.2). Pre-exercise, three participants 

reported GIS, with fewer symptoms in the control trial (n = 1) vs. the off-peak trial (n = 3). Pre-exercise 

GIS scores were similar in both control (5 ± 0 AU) and off-peak (5 ± 1 AU) trials (P  > 0.05). Nausea 

was the most frequent GIS (n = 2) with both bowel urgency and diarrhoea experienced (both n = 1). 
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Figure 7.4. Mean (± SD) heart rate following the ingestion of 0.5 g.kg-1 body mass (BM) sodium citrate 

(SC), a control substance (0.07 g.kg-1 BM sodium chloride and cornflour) or a placebo (cornflour only). 

Time trial 1 (TT 1) is displayed above (A) and time trial 2 (TT 2) is shown below (B) On-peak = TT 1 

commenced at group time-to-peak bicarbonate concentration [HCO3
-] (153 min). Off-peak = TT1 

commenced 35 min before group time-to-peak [HCO3
-] (118 min). Pre- and-post warmup (WU) values 

are also presented.*Denotes a significant difference from the previous timepoint (P < 0.05).
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Table 7.1 Mean (±  SD) perceptual responses during repeated 4 km time trials (TT). 

 

 

Notes: SC5 = 0.5 g.kg-1 body mass (BM) sodium citrate. On-peak = TT 1 commenced at peak bicarbonate concentration ([HCO3
-]). Off-peak = TT2 commenced 

at peak [HCO3
-].  RPEO = rating of overall perceived exertion. RPEL = rating of lower-limb perceived exertion. ROF = Rating of fatigue. AU = arbitrary units. 

*Denotes a significant difference from the previous timepoint (P < 0.05). 

 
 

 Condition 
 SC5 on-peak  SC5 off-peak Control (Cornflour and salt) Placebo (Cornflour) 
 TT 1 TT 2 TT 1 TT 2 TT 1 TT 2 TT1 TT2 

REPO (AU)         
1 km 13 ± 2 14 ± 2 12 ± 2 13 ± 2 13 ± 2 14 ± 3 12 ± 2  13 ± 2 
2 km 15 ± 2* 15 ± 1* 14 ± 1* 15 ± 2* 14 ± 2* 15 ± 2* 14 ± 2* 15 ± 1* 
3 km 16 ± 1* 16 ± 1* 16 ± 1* 17 ± 1* 16 ± 1* 16 ± 2* 16 ± 2* 16 ± 1* 
4 km 18 ± 1* 19 ± 1* 18 ± 1* 19 ± 1* 18 ± 2* 19 ± 1* 19 ± 2* 19 ± 1* 

RPEL (AU)         
1 km 5 ± 1 6 ± 1 5 ± 1 6 ± 1 5 ± 1 6 ± 2 5 ± 2 6 ± 1 
2 km 6 ± 1* 7 ± 1* 6 ± 1* 7 ± 1* 6 ± 1* 7 ± 1 6 ± 2* 7 ± 1* 
3 km 7 ± 2* 7 ± 1* 7 ± 1* 8 ± 0* 7 ± 1* 8 ± 1* 7 ± 2* 8 ± 1* 
4 km 9 ± 2* 9 ± 1* 8 ± 1* 9 ± 1* 8 ± 1* 9 ± 1* 9 ± 1* 9 ± 1* 

ROF (AU)         
1 km 4 ± 1 5 ± 1 4 ± 1 5 ± 1 4 ± 1 5 ± 1 5 ± 1 5 ± 1 
2 km 6 ± 1* 6 ± 1* 5 ± 1 6 ± 1* 5 ± 1* 6 ± 1* 6 ± 2* 6 ± 1* 
3 km 7 ± 1* 7 ± 1* 6 ± 1* 7 ± 1* 7 ± 1 7 ± 1* 7 ± 2* 7 ± 1* 
4 km 8 ± 1* 9 ± 1* 8 ± 1* 9 ± 1* 8 ± 1* 9 ± 1* 8 ± 2* 9 ± 1* 
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Table 7.2 Individual peak gastrointestinal symptoms (GIS) immediately before exercise. Symptoms are presented in bold for clarity and scores are displayed 

in parentheses.  

 SC5 on-peak SC5 off-peak Control Placebo 

Participant Pre-ingestion Pre-exercise Pre-ingestion Pre-exercise Pre-ingestion Pre-exercise Pre-
ingestion Post-ingestion 

1 No symptom 
(0.0) 

No symptom 
(0.0) 

No symptom 
(0.0) 

No symptom 
(0.0) 

No symptom 
(0.0) 

No symptom 
(0.0) 

No symptom 
(0.0) 

No symptom 
(0.0) 

2 No symptom 
(0.0) 

No symptom 
(0.0) 

No symptom 
(0.0) Nausea (6.0) No symptom 

(0.0) Nausea (5.0) No symptom 
(0.0) 

No symptom 
(0.0) 

3 No symptom 
(0.0) 

No symptom 
(0.0) 

No symptom 
(0.0) 

Bowel urgency 
(5.0) 

No symptom 
(0.0) 

Bowel 
urgency (8.0) 

No symptom 
(0.0) 

No symptom 
(0.0) 

4 No symptom 
(0.0) 

No symptom 
(0.0) 

No symptom 
(0.0) 

No symptom 
(0.0) 

No symptom 
(0.0) 

No symptom 
(0.0) 

No symptom 
(0.0) 

No symptom 
(0.0) 

5 No symptom 
(0.0) 

No symptom 
(0.0) 

No symptom 
(0.0) Diarrhoea (4.0) No symptom 

(0.0) 
No symptom 

(0.0) 
No symptom 

(0.0) 
No symptom 

(0.0) 

6 No symptom 
(0.0) 

No symptom 
(0.0) 

No symptom 
(0.0) 

No symptom 
(0.0) 

No symptom 
(0.0) 

No symptom 
(0.0) 

No symptom 
(0.0) 

No symptom 
(0.0) 

7 No symptom 
(0.0) 

No symptom 
(0.0) 

No symptom 
(0.0) 

No symptom 
(0.0) 

No symptom 
(0.0) 

No symptom 
(0.0) 

No symptom 
(0.0) 

No symptom 
(0.0) 
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7.4 Discussion 
 
This is the first study to investigate the effect of gelatine encapsulated SC on exercise performance and 

recovery. The impact of two generalised timepoints for SC ingestion on a subsequent repeated 4 km TT 

protocol were compared. Significant increases in [HCO3
-] and pH emerged for off-peak SC ingestion 

but not on-peak SC, although neither had a significant effect on general TT performance (Figure 7.1). 

Furthermore, average performance time for TT1 increased by ~4 s only in TT2, suggesting that 

sufficient recovery occurred without additive benefit from SC. Lack of any meaningful differences 

herein are underpinned by the similar physiological and perceptual responses between trials (Figure 7.3 

and 7.4). Finally, no GIS were reported pre-ingestion in all conditions throughout, with only three 

instances of GIS pre-exercise, largely ruling out any ergolytic effect of GIS on the performance response 

to SC (Table 7.2). Taken together, SC does not appear to improve 4 km TT performance or recovery, 

in the on-peak trial, this may be explained by markers blood alkalosis which were not significantly 

elevated over placebo and control conditions. 

Numerous studies have investigated the effects of SC on exercise performance with equivocal 

outcomes (de Oliveira et al., 2021; Urwin et al., 2021b; Cerullo et al., 2020). Whilst some investigations 

have reported performance improvements (Cunha et al., 2019; Russel et al., 2014; van Montfoort et al., 

2004), others have noted no benefit (Kumstat et al., 2018; Suvi et al., 2019; Vaher et al., 2015). 

Inconsistent ingestion protocols have been offered as an explanation for this disparity, including factors 

such as timing, mode and duration of ingestion. Although the value of a maximal vs. ‘meaningful’ 

change in [HCO3
-] is questionable (de Oliveira et al., 2021; 2020), time elapsed between ingestion and 

the commencement of exercise influences the degree of metabolic alkalosis (blood [HCO3
-] or pH). 

Demonstrating the effect of timing here, when TT1 was commenced one standard deviation before peak 

(118 min post-ingestion), a significant difference in [HCO3
-] was highlighted, whilst starting TT1 on 

peak (153 min post-ingestion) did not significantly increase [HCO3
-]. De Oliveira et al. (2021) observed 

that changes in [HCO3
-] of 4-6+ mmol.L-1 were associated with greater exercise effects than £4 mmol.L1. 

Pre-WU [HCO3
-] in the on-peak trial was ~3 mmol.L-1 greater than both the control and placebo trials, 

compared to the off-peak trial ~4.5 mmol.L-1. However, neither resulted in improvements in TT 
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performance, an exercise task which has previously been shown to improve with use of extracellular 

buffering agents (Gough et al., 2021; 2017b; Hilton et al., 2020b). Indeed, the mechanisms by which 

SC may impact performance generally remain poorly understood. 

After ingestion, SC promptly dissociates in bodily fluids, separating into its constituent ions 

Na+ and citrate-. The citrate anion is expelled from the plasma, shifting the ratio between strong cations 

and strong anions, altering the electrical balance (Cerullo et al., 2020). To restore neutrality, [H+] is 

decreased and [HCO3
-] increased, marked by a rise in pH towards alkalosis (Shave et al., 2001; Enoka 

and Stuart, 1992). Greater pH results in the disposal of La- from the muscle during exercise via the 

monocarboxylate transporters, improving the contractile capacity of the muscle (Oster et al., 1988; 

Fabiato and Fabiato, 1978; Mainwood and Worsley-Brown, 1975). Although not significant, post-TT1 

blood [La-] was higher following SC ingestion (on peak: 16.2 ± 1.9 mmol.L-1; off peak: 16.7 ± 3.4 

mmol.L-1) compared to both control (14.2 ± 5.0 mmol.L-1) and placebo (13.4 ± 7.1 mmol.L-1) trials. 

Cerullo et al. (2020) adds that this may favour an increase in performance compared to a matched dose 

of SB, which was not evident in the current study. Nonetheless, while the sarcolemma is impermeable 

to HCO3
-, citrate- can penetrate this membrane utilising specific transporters (Oster et al., 1988; Katz 

et al., 1984; Mainwood and Worsley-Brown, 1975). Collectively, these transporters permit 

translocation of citrate- through the inner mitochondrial membrane and absorption from the blood 

(Palmieri, 2014; Mycielska et al., 2009). Such transport facilitates the role of citrate in multiple 

metabolic process including as an intermediate of the Krebs cycle, the movement acetyl CoA from the 

mitochondria to the cytosol and, its inhibitory effect on PFK, thus interfering with glycolysis (Cerullo 

et al., 2020). Hirche et al. (1975) suggests this inhibitory effect may affect short-term performance 

(<180 s) but dissipates with long-term exercise where higher La- production occurs. Such mechanisms 

are unestablished in humans, but may further explain why SC benefits some, but not all exercise. 

As a result of increased pH after SC ingestion, there are also reductions in interstitial K+ release 

by the muscle during intense exercise (Street et al., 2005). Excessive K+ production marks the 

emergence of fatigue (Fitts, 1994; Kjellmer, 1965) and in turn, reduces muscle excitability (Clausen, 

2003). Conversely, lowering interstitial [K+] during exercise has been linked with improved 
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performance (Nielsen et al., 2004). The net effect on electrolyte balance post SC ingestion also provides 

a hormonal response. In one example, lower aldosterone and cortisol levels were highlighted, with 

increased [Na+] and reduced [K+] offered in explanation (Suvi et al., 2019; El Ghorayeb, Bourdeau and 

Lacroix, 2016; Bollag, 2014). No differences in either electrolyte was observed here, suggesting SC did 

not sufficiently promote such a response or, different, potentially counteracting mechanisms were in 

action.  

Although ergogenic doses of SC (~0.5 g.kg-1 BM) may induce GIS, as demonstrated both in the 

current thesis (Chapters 4-6) and elsewhere (Urwin et al., 2022; 2021a; 2019; 2016), symptoms may 

not coincide with exercise performance. In the current thesis, GIS typically emerged £100 min post-

ingestion, with peak [HCO3
-] (Tmax) ~150 min. Peak GIS have also been reported 60-90 min post-

ingestion, prior to peak [HCO3
-] at ~3 h as commonly reported (Urwin et al., 2021a; Cerullo et al., 

2020). Such observations are also consistent with work in SB (Hilton et al., 2019a; 2020a; 2020b). It is 

therefore difficult to clarify whether GIS could have negated any beneficial effects of SC in the current 

study, given zero cases of GIS were reported at rest, rising to four pre-exercise.  Additionally, future 

research should attempt to determine the perceived effects of GIS on performance to understand if any 

link exists between concern of GIS and actual outcome measures. Finally, perceptual measures of 

perceived exertion (RPEO and RPEL) and fatigue (ROF) that developed during each 4 km TT (Table 

7.1) were similar between SC, control and placebo trials, suggesting that differences in afferent 

feedback to the central nervous system were unlikely to have impacted the exercise response throughout 

(Siegler and Marshall, 2015; Thomas et al., 2015).  

A key limitation of the current study is the lack of statistical power as a result of the small 

sample size (N = 7), meaning any observations made are at best suggestive and should be interpreted 

with caution (Cohen, 1988). An estimated four further participants or more are required to achieve 

appropriate statistical power. The use of recreational athletes may also be criticised given the large 

variability in exercise performance relative to trained athletes, i.e., when exercising on the Wattbike 

(CV = 6.7; 95% CI = 4.8-13.2 vs. 2.6%; 95% CI = 1.8-5.1 (Hopker et al., 2010). This population was 
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used to achieve consistency between studies, specifically those recruited to refine the SC protocol used 

in Study 4 (Chapter 7) and the individuals undertaking repeated 4 km cycling TT’s. 

 

7.5 Conclusion 

This study is the first to demonstrate that 0.5 g.kg-1 BM SC does not improve 4 km TT performance 

when commenced either on or around average peak [HCO3
-]. Despite previous suggestion that timing 

of ingestion may be more accurately thought of as a period (i.e., period where [HCO3
-] is  

4+ mmol.L-1 above resting values), manipulating the commencement of exercise by 35 min altered the 

blood HCO3
- (and pH) response to SC and, compared to control/placebo trials. Given the similarities in 

physiological and perceptual responses throughout, the lack of any ergogenic response, particularly 

where meaningful changes in [HCO3
-] were noted, is difficult to explain.  Future studies may seek to   

better understand the general mechanisms involving SC, before clarifying if and where it may offer a 

beneficial effect. A wider range of tasks that are also limited by peripheral fatigue should also be 

deployed to determine the efficacy of SC, guided by the information gained within the current thesis.  
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8.1 General Summary 

The collective aim of the current thesis was twofold. In studies 1-3, the key aspects of any potential 

sodium citrate ingestion protocol were investigated in terms of both acid-base and GIS responses. Then, 

in study 4, findings from the preceding studies were utilised to establish the potential effect of SC on 

exercise performance. Before synthesising the collective findings from this thesis, a summary of the 

findings from each experimental chapter are offered below: 

 

8.1.1 Study 1 (Chapter 4) 

The aim of this study was to establish the reproducibility of blood acid-base responses to individualised 

doses of SC (0.5, 0.4 and 0.3 g.kg-1 BM). This represented the first investigation into the potential 

usability of an individualised approach to SC ingestion (timing). Whilst SC displayed limited reliability 

for key blood HCO3
- kinetics such as TTP and absolute change from baseline, several positive findings 

were highlighted. Firstly, peak [HCO3
-] was comparable, irrespective of ingested dose. Secondly, 

meaningful and sustained changes in blood [HCO3
-] (and pH) were observed post-ingestion. Thirdly, 

minimal GIS were experienced, with 8 of 14 participants experiencing zero GIS. Finally, any GIS 

experienced appeared minimal in terms of severity. While an individualised approach would not appear 

logical, SC may still have utility when administered using a more generalised/alternative approach. 

 

8.1.2 Study 2 (Chapter 5) 

The aim of this study was to determine the impact of different forms of SC encapsulation, namely, GEL, 

DEL and ENT capsules were compared (0.4 g.kg-1 BM) on blood acid-base and GIS responses.. Total 

GIS experienced was shown to be minimal and was not significantly impacted by form of encapsulation. 

Peak GIS typically emerged at a similar time, arising ≤100 min post-ingestion. Whilst blood [HCO3
-] 

was significantly higher with ENT vs. GEL, meaningful and prolonged elevations in [HCO3
-] were 

noted. Whilst minor differences were present, altering the form of encapsulation did not appear to offer 

substantial benefits relative to other forms. 
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8.1.3 Study 3 (Chapter 6) 

The aim of this study was to elucidate the effect of CHO intake on blood acid-base and GIS responses, 

following individualised SC ingestion. Data suggested that while CHO intake does not appear to 

improve GIS and alkalotic responses to SC, they were also, not significantly worsened. Total symptoms 

experienced were unsubstantial throughout, emerging distinctly sperate from peak [HCO3
-]. While 

absolute change in [HCO3
-] was greater with CHO vs. without, this was not significantly different. Both 

CHO and NO-CHO conditions elicited meaningful elevations in [HCO3
-]. Taken together, consuming 

CHO intake alongside SC may support metabolic outcomes, without notable alterations in the blood 

acid-base and GIS response. 

 
8.1.4 Study 4 (Chapter 7) 
 
The aim of this study was to apply the findings of Studies 1-3 (Chapters 4-6) to an exercise task. Using  

study 1, the limited reliability of blood acid-base responses underpinned the use of a generalised 

timepoint, supported also by the sustained, meaningful increases in [HCO3
-] within the 4 h sampling 

period. From study 2, the lack of any beneficial changes in overall blood acid-base responses, minimal 

changes in [HCO3
-]  and limited GIS post-ingestion throughout, guided the sole use of GEL capsules. 

In study 3, the lack of any (positive or negative) effect of CHO co-ingestion on blood acid-base and 

GIS responses to SC acted as the basis for the provision of CHO in study 4 also. The potentially additive 

effects of CHO ingestion on metabolism and real-world nutritional applications were also considered. 

To further evaluate the potential for an ergogenic period, exercise commencement was manipulated 

around group time-to-peak [HCO3
-]. Significant increases in [HCO3

-] and pH emerged for off-peak SC 

ingestion but not on-peak SC, although neither had a significant effect on general TT performance, with 

limited difference in other performance, physiological and perceptual measures. Future research may 

investigate the general mechanisms associated with SC ingestion before concluding once again on its 

ergogenicity. 
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8.2 General Characteristics Of Sodium Citrate Ingestion 

8.2.1 Ingestion Timing 

In the non-exercise chapters of this thesis (4-6), TTP blood [HCO3
-] (Tmax) and pH were determined 

following the ingestion of a potentially ergogenic doses of SC (0.4-0.5 g.kg-1 BM) (Urwin et al., 2021b; 

Cerullo et al., 2020). Table 8.1 displays the collective findings among recreationally trained individuals 

from these chapters (n = 38). 

Recent reviews by both Cerullo et al. (2020) and Urwin et al. (2021) have recommended that  

0.4-0.5 g.kg-1 BM SC be ingested ~180 min prior to exercise, based on peak alkalotic responses (blood 

[HCO3
-] and pH) when ingested in GEL capsules. The current thesis demonstrates overall that peak 

alkalotic responses may emerge earlier, with a high frequency of individuals reaching maximal alkalosis 

136-187 min post ingestion. Importantly, smaller quantities of SC (0.4 g.kg-1 BM) and the use of 

alternative forms of encapsulation offered had limited impact on the blood alkalotic response.  

While general trends were observed for ingestion timing, individual TTP blood [HCO3
-] and 

pH varied considerably throughout each chapter. Where 0.4 g.kg-1 BM was provided, both individual 

TTP blood [HCO3
-] or pH ranged from 85-238 min. Where 0.5 g.kg-1 BM SC was ingested generally, 

individual TTP blood [HCO3
-] or pH ranged from 102-238 min and 68-238 min, respectively. This 

differs greatly from previous findings utilising an identical quantity of SC, with Urwin et al. (2016; 

2019) reporting peak [HCO3
-] between 180 to 220 min post-ingestion. While the reasons for these 

differences are unclear, variations in gastric emptying rate are clear, which may be influenced by the 

physical state, size of the dosage form and/or the presence of food (Davis, Hardy and Fara, 1986). 

Furthermore, where interindividual differences exist, intraindividual differences in acid-base balance 

are also evident day-to-day, related to net endogenous acid production (NEAP) (Poupin et al., 2012; 

Remer 2001; Remer and Manz, 1995).  
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Table 8.1. Frequency of time-to-peak (TTP) blood bicarbonate concentration ([HCO3
-]) and pH at each 

sample time.  

HCO3
- Time  (min) 68 85 102 119 136 153 170 187 204 221 238 

 Trial            

Study 1 
(n = 14) 

SC5a 0 0 2 2 2 2 3 2 0 1 0 
SC5b 0 0 1 1 4 0 2 2 4 0 0 
SC4a 0 2 2 1 1 3 1 2 1 0 1 
SC4b 0 0 0 1 4 2 4 3 0 0 0 

Study 2 
(n = 14) 

SC4 0 2 2 1 1 3 1 2 1 0 1 
SC4 (DEL) 0 0 0 2 4 2 0 1 3 0 2 
SC4 (ENT) 0 0 0 1 1 3 1 4 1 3 0 

Study 3  
(n = 10) 

SC5 meal 0 0 0 0 0 2 1 2 1 2 2 
SC5 no meal 0 0 0 1 2 3 2 0 0 1 1 

Pooled 
(n = 38) 

SC5 0 0 3 4 8 7 8 6 5 4 3 
SC4 0 4 4 6 11 13 7 12 6 3 4 

Overall 0 4 7 10 19 20 15 18 11 7 7 

 
Notes: SC5 = 0.5 g.kg-1 BM sodium citrate (SC). SC4 = 0.4 g.kg-1 BM SC. DEL = Delayed-release 

capsules. ENT = Enterically-coated capsules. Where capsule type is not noted, gelatine (GEL) was 

used. CHO = carbohydrate (1.75 g.kg-1 BM). The most frequent results are highlighted in bold. Some 

timepoints are omitted for clarity. 

 

8.2.2 Absolute Change In Bicarbonate Concentration 

Augmented extracellular buffering capacity is contingent on an increase in circulating [HCO3
-] (Heibel 

et al., 2018) however, the value of a maximal vs. meaningful rise has been debated (de Oliveira et al., 

2021; 2020). Although the minimal change necessary to translate increased buffering capacity to 

performance improvements is unclear, evidence suggests greater effects are demonstrated when 

pH 
             
             

Study 1 
(n = 14) 

SC5a 1 1 1 2 3 2 2 0 0 1 1 
SC5b 0 1 0 1 2 1 1 2 1 1 4 
SC4a 0 1 0 1 2 2 0 3 5 0 0 
SC4b 0 1 2 1 5 0 1 4 0 0 0 

Study 2 
(n = 14) 

SC4 0 1 0 1 2 2 0 3 5 0 0 
SC4 (DEL) 0 0 1 2 2 5 1 1 0 2 0 
SC4 (ENT) 0 0 1 2 2 2 0 1 1 1 4 

Study 3  
(n = 10) 

SC5 meal 0 0 0 3 1 0 2 1 0 1 0 
SC5 no meal 0 1 0 2 2 1 0 0 0 3 0 

Pooled 
(n = 38) 

SC5 1 3 1 8 21 4 5 3 1 6 5 
SC4 0 3 4 7 13 11 2 12 11 3 4 

Overall 1 6 5 16 26 15 7 15 12 9 9 
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increases are moderate (4-6 mmol.L-1) to large (> 6 mmol.L-1). Table 8.2 collates the absolute change 

(DCmax) from baseline observed for recreationally trained individuals (n = 38) at potentially ergogenic 

doses of 0.4-0.5 g.kg-1 BM in the non-exercise chapters (4-6). Only two studies to date have investigated 

the blood HCO3
- response following the ingestion of 0.5 g.kg-1 BM SC in GEL capsule form (Urwin et 

al. 2019; 2021a), recording DCmax values of 7.9 (7.2-8.6) and 7.8 (6.8-8.7) mmol.L-1, respectively. While 

a large period of potential ergogenicity is demonstrated, with average DCmax shown to be  

4+ mmol.L-1  above resting values from 102 min, for the remaining ~3 h, DCmax appeared less than 

previously reported (Urwin et al., 2019; 2021a). In chapter 7, it was observed that commencing exercise 

within this period did not translate to performance effects. For the athlete and performance nutritionist, 

it may be suggested that 0.5 g.kg-1 BM SC, provided in GEL capsules, can be ingested to produce 

substantial DCmax (with minimal GIS) however, it remains unclear if this can be translated into 

reproducible performance effects. Further work is required to understand why DCmax values observed 

here, representing an apparently ‘meaningful’ increase in circulating [HCO3
-], did/do not bring about 

consistent performance benefits. Greater mechanistic insight into SC ingestion represents a logical 

starting point to address this question. 
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Table 8.2. Average (and range) absolute change (DCmax) in bicarbonate concentration ([HCO3-]) (mmol.L-1) from baseline at each sample time.  

 Time (min) 17 34 51 68 85 102 119 136 153 170 187 204 221 238 
 Trial               

Study 1  
(n = 14) 

SC5a 0.7 
 (0.0-1.5) 

1.9  
(0.8-3.5) 

2.8  
(1.2-3.8) 

3.5  
(1.3-5.2) 

3.9  
(1.1-5.9) 

4.7 
 (1.1-6.2) 

5.0  
(1.5-6.8) 

5.1 
 (0.9-7.3) 

5.2  
(0.6-8.2) 

5.3  
(0.0-8.1) 

5.0  
(0.0-8.3) 

5.1  
(0.7-6.9) 

5.1 
 (0.7-6.9) 

4.5  
(0.0-6.8) 

SC5b 1.0  
(0.0-2.9) 

2.2  
(0.4-3.3) 

3.2  
(1.5-5.1) 

3.8  
(1.4-5.6) 

4.2 
 (1.7-6.3) 

4.9  
(1.3-7.0) 

5.2 
 (2.5-7.3) 

5.6 
 (1.7-8.2) 

5.4 
 (2.0-7.7) 

5.8 
 (2.1-8.1) 

5.7  
(2.8-8.3) 

5.8 
 (2.9-8.3) 

5.2  
(1.6-7.3) 

5.2  
(1.7-7.0) 

SC4a 0.4  
(0.0-1.3) 

2.1  
(0.6-3.5) 

3.1  
(1.5-5.1) 

3.9 
 (2.7-5.3) 

4.7  
(2.6-6.7) 

4.9 
 (3.8-7.1) 

5.3 
 (2.7-8.6) 

5.6 
 (4.0-8.6) 

0.3 
 (0.0-1.4) 

5.2 
 (2.5-7.2) 

5.6  
(3.7-7.5) 

5.5  
(4.3-7.3) 

5.1  
(3.2-7.2) 

5.3 
 (3.8-6.7) 

SC4b 0.4  
(0.0-1.6) 

1.7  
(0.1-2.8) 

2.8  
(2.1-3.4) 

3.5 
 (2.1-4.2) 

0.6 
 (0.0-0.9) 

4.8 
 (3.1-5.8) 

5.0 
 (2.7-7.0) 

5.4 
 (4.4-6.2) 

5.2 
 (3.5-6.2) 

5.5 
 (3.9-7.1) 

5.4  
(3.6-7.4) 

4.9  
(3.8-6.8) 

4.6 
 (3.2-7.1) 

4.8 
 (3.3-6.0) 

Study 2  
(n = 14) 

SC4 0.4  
(0.0-1.3) 

1.9  
(0.7-2.6) 

2.9  
(2.2-4.1) 

3.7 
 (2.7-4.4) 

4.4 
 (2.6-5.6) 

4.9 
 (3.8-6.0) 

5.2 
 (2.7-7.1) 

5.5 
 (4.5-7.1) 

5.4 
 (3.5-6.7) 

5.4 
 (3.7-7.0) 

5.5  
(3.7-7.0) 

5.2 
 (4.3-6.7) 

4.8  
(3.2-6.4) 

5.0 
 (3.8-6.2) 

SC4 (DEL) 0.0  
(0.0-0.7) 

1.0  
(0.0-2.3) 

1.9  
(1.0-2.7) 

2.6 
 (1.7-3.7) 

2.9 
 (1.0-4.1) 

3.7 
 (1.7-5.2) 

4.3 
 (1.4-6.2) 

4.8 
 (2.5-6.4) 

4.8 
 (2.7-6.5) 

4.6 
 (2.6-6.6) 

4.2  
(2.6-6.7) 

4.5 
 (2.6-6.7) 

4.4  
(2.4-6.5) 

4.4 
 (2.8-6.2) 

SC4 (ENT) 0.4  
(0.0-1.1) 

1.6  
(0.3-3.0) 

2.8  
(1.2-4.1) 

3.3 
 (1.8-4.3) 

4.0 
 (2.5-5.4) 

4.5 
 (1.9-6.2) 

5.1 
 (3.1-6.4) 

5.3 
 (3.2-7.4) 

5.8 
 (4.3-7.1) 

5.6 
 (4.4-7.7) 

5.8  
(4.8-7.8) 

5.9 
 (4.7-7.5) 

5.7  
(4.2-7.1) 

5.4 
 (3.7-6.8) 

Study 3  
(n = 10) 

SC5  
(meal) 

0.7 
 (0.0-2.9) 

1.1  
(0.0-3.7) 

2.4  
(0.7-5.2) 

3.1 
 (1.8-5.9) 

3.7 
 (2.3-6.4) 

4.4 
 (2.8-6.8) 

4.8 
 (2.4-6.8) 

5.7 
 (4.0-7.3) 

6.0 
 (3.4-8.1) 

6.5 
 (4.2-8.6) 

6.8  
(3.9-8.3) 

6.8 
 (5.2-8.5) 

6.7 
 (4.7-8.3) 

6.8 
 (4.9-9.0) 

SC5  
(no meal) 

0.6 
 (0.0-1.5) 

1.7  
(0.6-2.8) 

2.3  
(0.3-4.3) 

3.3 
 (1.3-5.1) 

3.8 
 (1.3-5.3) 

4.4 
 (1.5-6.3) 

4.4 
 (1.8-6.2) 

5.4 
 (1.3-9.1) 

5.6 
 (1.3-8.5) 

5.5 
 (1.4-8.3) 

5.3  
(1.5-8.1) 

5.2 
 (0.9-8.0) 

5.2  
(0.7-8.3) 

5.1 
 (1.0-7.7) 

Pooled  
(n = 38) 

SC5 0.8  
(0.0-2.9) 

1.7  
(0.0-3.7) 

2.7  
(0.3-5.2) 

3.4 
 (1.3-6.4) 

3.9 
 (1.1-6.4) 

4.6 
 (1.1-7.0) 

4.9 
 (1.5-7.3) 

5.5 
 (0.9-9.1) 

5.6 
 (0.6-8.5) 

5.8 
 (0.0-8.1) 

5.7  
(0.0-8.3) 

5.7 
 (0.7-8.5) 

5.6  
(0.7-8.3) 

5.4 
 (0.0-9.0) 

SC4 0.3  
(0.0-1.6) 

1.7  
(0.0-3.5) 

2.7  
(1.0-5.1) 

3.4 
 (1.7-5.3) 

3.3 
 (0.0-6.7) 

4.6 
 (1.7-7.1) 

5.0 
 (2.7-8.6) 

5.3 
 (2.5-8.6) 

4.3 
 (0.0-7.1) 

5.3 
 (0.0-7.1) 

5.3  
(2.6-7.8) 

5.2 
 (2.6-7.8) 

4.9  
(2.4-7.2) 

5.0 
 (3.3-6.8) 

Overall 0.5  
(0.0-2.9) 

1.7 
 (0.0-3.7) 

2.7  
(0.3-5.2) 

3.4 
 (1.3-6.4) 

3.6 
 (0.0-6.7) 

4.6 
 (1.1-7.1) 

4.9 
 (1.5-8.6) 

5.4 
 (0.9-9.1) 

4.9 
 (0.0-8.5) 

5.5 
 (0.0-8.1) 

5.5 
 (0.0-8.3) 

5.5 
 (0.7-8.5) 

5.2 
 (0.7-8.3) 

5.2 
 (0.0-9.0) 

 

Notes: SC5 = 0.5 g.kg-1 BM sodium citrate (SC). SC4 = 0.4 g.kg-1 BM SC. DEL = Delayed-release capsules. ENT = Enterically-coated capsules. Where capsule 

type is not noted, gelatine (GEL) was used. CHO = carbohydrate (1.75 g.kg-1 BM). Maximal values are highlighted in bold. Where negative values are noted , 

zero (0) is written. 
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8.2.3 Gastrointestinal Symptoms 

A common side-effect of ingesting endogenous buffering agents is the emergence of acute GIS (de 

Oliveira et al., 2021) and, while it has been suggested that GIS may be reduced with SC ingestion 

(Requena et al., 2005), recent findings have questioned this proposition (Urwin et al., 2022). Although 

GIS experienced varies between individuals, nausea, flatulence, stomach cramp, belching, stomach 

ache, bowel urgency, diarrhoea, vomiting and stomach bloating are commonly reported amongst 

athletes (Urwin et al., 2016; Urwin et al., 2019). In chapter 4, 57% of recreationally trained individuals 

reported zero GIS at any time following the ingestion of 0.3, 0.4 or 0.5 g.kg-1 BM SC.  In chapter 5, 

43% of recreationally trained individuals reported zero GIS following the ingestion of 0.4 g.kg-1 BM 

SC in GEL, DEL and ENT form. In those that did experience GIS, relatively minimal total symptoms 

were noted, with only one instance of any GIS at the point of peak [HCO3
-] (Tmax).  This represents a 

lower prevalence than has been reported in in some SB research (85-100%) (Hilton et al., 2019; 2020a), 

but greater than demonstrated in others (22-38%) (McNaughton, Siegler and Midgley, 2008; Driller et 

al., 2012). Variations between studies may relate to specific characteristics of SC v. SB or a variety of 

other factors, such as co-ingestion with a small CHO meal (1.75 g.kg-1 BM), or ingestion with a large 

volume of water (14 ml.kg-1 BM) (Carr et al., 2011a; 2011b). In chapter 6 of the current thesis, CHO 

was shown to have limited impact on acute GIS, while in all experimental chapters (4-7), encapsulation 

appeared to limit general GIS without comparison to solution. Different methodological approaches 

may also underpin variance in GIS between studies, with studies opting to use different questionnaires 

and/or criteria to identify symptoms. In continuation, some studies have quantified the time course of 

GIS while others have established symptoms at discrete timepoints, rendering comparison difficult. 

Longer sampling periods may also increase the incidence of GIS given that side effects may emerge up 

to 24 h post-ingestion (Cameron et al., 2010). Symptoms may also be greater when endogenous 

buffering agents are ingested over shorter (≤ 30 min) rather than longer (30-60 min) time periods (Hilton 

et al., 2020a). Despite this, Urwin et al. (2021a) found minimal GIS when SC was ingested over 15-, 

30-, 45- or 60-min. Future research should aim to establish a more standardised method of quantifying 

GIS both in time-course and exercise-type studies, permitting comparison and allowing the 
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identification of common characteristics. There also remains a need for investigations that establish the 

potential relationship between perception of GIS or ‘concern’ and willingness to continue, given that 

GIS discourages performance in some athletes but not in others. Considering that exercise 

independently compromises GI integrity through a variety of aetiological and pathophysiological 

changes also (Gaskell, Rauch and Costa, 2021a; 2021b; Costa et al. 2020; 2017), there is a need to 

better understand how these changes are impacted with the ingestion of buffering agents. The 

relationship between GIS scores, perception of GIS, willingness to continue and/or performance should 

again be considered during exercise. 
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