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Abstract
This narrative review evaluated the evidence for buffering agents (sodium bicarbonate, sodium citrate and beta-alanine), with 
specific consideration of three discrete scenarios: female athletes, extreme environments and combined buffering agents. Stud-
ies were screened according to exclusion and inclusion criteria and were analysed on three levels: (1) moderating variables 
(supplement dose and timing, and exercise test duration and intensity), (2) design factors (e.g., use of crossover or matched 
group study design, familiarisation trials) and (3) athlete-specific factors (recruitment of highly trained participants, buffering 
capacity and reported performance improvements). Only 19% of the included studies for the three buffering agents reported a 
performance benefit, and only 10% recruited highly trained athletes. This low transferability of research findings to athletes’ 
real-world practices may be due to factors including the small number of sodium citrate studies in females (n = 2), no studies 
controlling for the menstrual cycle (MC) or menstrual status using methods described in recently established frameworks, 
and the limited number of beta-alanine studies using performance tests replicating real-world performance efforts (n = 3). 
We recommend further research into buffering agents in highly trained female athletes that control or account for the MC, 
studies that replicate the demands of athletes’ heat and altitude camps, and investigations of highly trained athletes’ use of 
combined buffering agents. In a practical context, we recommend developing evidence-based buffering protocols for indi-
vidual athletes which feature co-supplementation with other evidence-based products, reduce the likelihood of side-effects, 
and optimise key moderating factors: supplement dose and timing, and exercise duration and intensity.

1 Introduction

The 2018 International Olympic Committee consensus state-
ment on nutritional supplements concluded that five sup-
plements have sufficient strength of scientific evidence to 
be considered effective in certain sport-specific scenarios 
[1]. Two of these supplements are buffering agents, namely 
beta-alanine and sodium bicarbonate. There are substantial 
meta-analytical data to support the performance-enhancing 
effects of both beta-alanine [2, 3] and sodium bicarbonate 
[4–6]. There is also growing evidence that sodium citrate can 
also be effective in improving exercise performance [5, 7]. 
Each of these supplements works by enhancing either intra-
cellular or extracellular buffering capacity (increased blood 
bicarbonate concentration  [HCO3

−] and pH), with sodium 
bicarbonate and sodium citrate ingestion, or increasing mus-
cle carnosine concentration with beta-alanine ingestion [3, 
8]. Our knowledge of these supplements is continuously 

advancing, with novel scientific research filling important 
gaps that reshapes the recommendations provided to ath-
letes. Current evidence-based recommendations focus on the 
dose and timing of supplement ingestion, and the duration 
and intensity of exercise that is most likely to benefit from 
these supplements; Fig. 1 [1, 7].

Within the body of literature investigating the effects 
of buffering agents, which began as early as the 1930s [9, 
10], little consideration has been dedicated to their use in 
specific contexts that are relevant to the real-world prac-
tices of athletes. This includes the use of buffering agents 
in specific populations (e.g. highly trained female athletes) 
[11], extreme environmental conditions (e.g. training and/
or competing in hot weather conditions (> 25 °C) or at 
altitude > 1400 m) [12–15], and specific supplementation 
practices (e.g. supplementation with combined buffering 
agents) [3, 16]. Consideration of the efficacy of buffering 
agents in these contexts is therefore warranted and can 
potentially be achieved by specific analysis of their study 
features and reported outcomes. Within the literature, it has 
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Key Points 

The current literature indicates a benefit from use of 
buffering agents in real-world performance efforts in 
only 21% of studies in highly trained females, 22% of 
studies in extreme environments and 9% of studies with 
combined buffering agents.

The low percentages of studies with performance benefit 
reported may have been associated with some of the 
limitations in the literature, which could be addressed 
by research focusing on (i) studies in highly trained 
females, which include quantification of menstrual cycle 
(MC) factors, (ii) buffering studies conducted at altitude 
with performance tests simulating real-world competi-
tive events and (iii) the use of various combinations of 
buffering agents by highly trained and elite research 
participants.

To develop buffering protocols for individual athletes, 
we recommend a staged and systematic approach that 
identifies opportunities for co-supplementation with 
other evidence-based products, quantifies buffering 
capacity and side-effects where feasible, and optimises 
key moderating factors: supplement dose and timing, and 
exercise duration and intensity.

recently been demonstrated that the effectiveness of extra-
cellular and intracellular buffering agents can be influenced 
by several factors (as identified in previous meta-analyses 
and reviews of the literature), including the supplement dose 
and timing, and the duration and intensity of exercise being 
performed [3, 5, 7, 17–19]. Additionally, while moderating 
factors are typically based on the outcomes of meta-analytic 
and systematic reviews that include participants of varied 
training status and/or athletic experience, recent work has 
elucidated important study design factors that can increase 
external validity and positively influence the translation of 
sport science and sport nutrition studies to the real-world 
practices of athletes (e.g. use of randomised, crossover 
designs, incorporating exercise tests that are representative 
of real-world competitive events, conducting familiarisation 
trials and standardising pre-test meals) [20, 21]. Further, an 
increased specificity of analysis can be achieved through the 
consideration of factors that relate more directly to athletes’ 
use of buffering agents. These factors include the recruit-
ment of highly trained athletes as research participants [i.e. 
according to the recently established participant classifica-
tion framework] [22], and an increase in buffering capacity 
aligned with that reported to be consistent with performance 
benefits (i.e. ≥ 4 mmol/L blood  [HCO3

−] for extracellular 
buffering agents) [5]. For intracellular buffering agents, a 
similar threshold has not been established for the relation-
ship between the increase in muscle carnosine concentration 
and performance enhancement. Nevertheless, a 40% increase 

SODIUM
BICARBONATE

DOSE TIMING EXERCISE

SODIUM
CITRATE

BETA-ALANINE

Acute (single/split) dose:
0.2 - 0.4 g/kg BM

Acute dose:
0.5 g/kg BM

Chronic dose:
3.2 - 6.4 g/day

60 - 150 min
pre-exercise

200 - 240 min
pre-exercise

> 4 weeks

High intensity
(30 s to 10 min)

High intensity
(30 s to 10 min)

Very high intensity
(60 s to 7 min)

BUFFERING AGENT

Fig. 1  Current recommendations for buffering agents [1, 7]. BM body mass
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in carnosine content is suggested as a minimum threshold 
for the increase associated with ingesting beta-alanine sup-
plements at the lowest dose within the range of recom-
mended protocols (i.e. 4 weeks at 3.2 g/day) [23], which 
is typically when performance benefits are shown. Further, 
a documented performance benefit, particularly in exercise 
tests that reflect real-world events, increases the relevance 
of research findings to athletes’ competitive performance 
[5, 21, 22, 24].

This narrative review will evaluate the current evidence 
supporting the use of buffering agents by athletes, with par-
ticular focus on their use in specific contexts (use by highly 
trained females, extreme environmental conditions and com-
bined buffering agents). The narrative review will summa-
rise (1) moderating factors, (2) translation factors and (3) 
athlete-specific factors in relation to the use of sodium bicar-
bonate, sodium citrate and beta-alanine. Finally, a detailed 
commentary will be provided on the translation of research 
findings to athlete practices in training and competition, 
including practical recommendations for athletes and per-
formance support practitioners regarding buffering agents.

2  Analysis of Current Evidence

A literature search was conducted for studies published up to 
and including April 2023, using three online databases (Pub-
Med, Embase and Google Scholar), with additional papers 
identified via the reference lists of original and review 
papers. For studies in females, the search terms (female OR 
woman OR women) AND (athlete OR sport) AND (sodium 
bicarbonate OR sodium citrate OR beta-alanine) were used. 
For extreme environmental conditions, the search terms were 
(heat OR altitude OR hypoxia) AND (exercise OR sport) 
AND (beta-alanine OR sodium bicarbonate OR sodium 
citrate). For combined buffering agents, the search terms 
were (exercise OR sport) AND (beta-alanine AND sodium 
bicarbonate OR sodium citrate). Inclusion criteria comprised 
studies investigating supplementation with buffering agents, 
focusing on exercise performance. Studies were excluded if 
they were not published in English, if there were no perfor-
mance test outcomes, or if (for studies focused on females) 
there was no female-only or female subgroup analysis, or 
(for combined supplementation studies) there were multi-
ingredient supplements with no isolated sodium bicarbonate, 
beta-alanine or sodium citrate trials. A total of 58 studies 
were found, comprising 29 studies in females, 18 studies in 
extreme environments and 11 studies in combined buffer-
ing agents. If studies were relevant to two scenarios (e.g. 
females and extreme environments), they were included in 
only one grouping, to avoid duplication of the same dataset. 
To standardise the allocation of studies, where duplicates 

occurred, the study was placed within the scenario with the 
lowest number of studies (Table 1).

Studies were analysed according to three themes:

1. Moderating factors. Studies were evaluated in terms of 
consistency with the current, published evidence-based 
guidelines for the dose and timing of supplementation, 
and duration and intensity of the exercise test (Fig. 1).

2. Translational factors. Female-participant-specific studies 
were analysed for control or standardisation of menstrual 
cycle (MC) status or phase and hormonal contraceptive 
use [83, 93], and all studies were evaluated for appropri-
ate study design (defined as a randomised crossover with 
repeated measures, or matched groups design, sample 
size similar to previous reports, and control group) [20, 
21]. Additional translational factors were the inclusion 
of familiarisation protocols (familiarisation trials, cita-
tion of reliability and measurement error data), pre-test 
dietary standardisation (citation of standardisation meth-
ods and objective data), inclusion of performance tests 
replicating real-world events (laboratory or field-based 
time trials, or tests replicating the profile or movement 
patterns required in competitive events) and quantifi-
cation of gastrointestinal symptoms (for sodium bicar-
bonate and sodium citrate) and other side-effects (e.g. 
paraesthesia after beta-alanine supplementation) accord-
ing to recently published guidelines and frameworks on 
females in applied sport science research, and reviews 
on buffering agents [5, 8, 11, 21, 83].

3. Athlete-specific factors. Studies were evaluated for 
the recruitment of highly trained athletes, classified as 
national level (tier 3) or higher according to a recently 
established participant framework [22], an increase in 
buffering capacity of ≥ 4 mmol/L  [HCO3

−] for extracel-
lular buffering agents [5] and ≥ 40% increase in muscle 
carnosine concentration [23], and evidence of benefit 
in performance tests replicating real-world competitive 
events, given the importance of these factors to athletes’ 
real-world performance [5, 21, 23, 24]. For the com-
bined supplementation studies, performance effect was 
a comparison between the combined buffering condition 
and the buffering agent in isolation (i.e. beta-alanine or 
sodium bicarbonate), to reflect choices that athletes and 
coaches may encounter when preparing for competitive 
events.

These factors were selected to facilitate an evaluation 
of the buffering studies included in this narrative review, 
within the specific context of their transferability to athletes’ 
performance, rather than a more traditional assessment of 
study quality. Given the narrative structure of this review 
and therefore the inability to objectively quantify the effect 
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of different factors on study outcomes, we have simply 
reported on the presence or absence of each factor, as an 
indication of the rigour and/or potential for translation of 
the study findings.

2.1  Highly Trained Female Athletes

Across all studies investigating buffering agents and exer-
cise performance, only a small number have focused on 
female participants. Indeed, a recent audit reported that 
only 4% of sodium bicarbonate studies and 8% of all beta-
alanine studies have included female-only research popula-
tions [11]. Despite the paucity of studies investigating the 
efficacy of buffering agents in females, supplement use in 
athletes across different sports has been reported to be simi-
lar [84] and in some cases higher than in males (e.g. 57% 
in females versus 47% in males [85]), which may extend 
to buffering agents in various athlete populations. There-
fore, it is essential to quantify effects of buffering agents 
on female performance. There is a physiological ration-
ale that the effects of buffering agents may differ between 
male and female athletes; biological differences such as the 
lower muscle mass and number of type II muscle fibres 
in females may lead to a reduced capacity for glycolysis 
and lower accumulation of hydrogen  [H+] or lactate  [La−] 
ions [86–90]. Furthermore, there is current interest in the 
potential impact of MC phase and the use of hormonal con-
traceptives on exercise performance in females [91, 92]. 
Although there is an absence of a strong link between these 
factors and buffering issues, changes in performance per se 
associated with menstrual phase/status may increase per-
formance variability and reduce the opportunity to detect 
benefits due to the use of buffering agents. The potential 
interaction of oestrogen and progesterone with buffering 
agent efficacy has been poorly considered to date, with just 
4% (sodium bicarbonate) and 6% (beta-alanine) of studies 
including female participants considering menstrual status 
[93]. Despite the possibility of sex-related differences in the 
response to the use of buffering agents, a recent summary 
of the few studies involving extracellular buffers in females 
indicated a similar increase in buffering capacity (blood 
 [HCO3

−] and pH) and performance benefit to that reported 
in males [19]. Nevertheless, further evaluation is required. 
In a recent meta-analysis, only 11 studies had an isolated 
female participant group for which the data could be evalu-
ated and included in the analysis. Across the 11 studies, 
there were a range of different factors (e.g. participant train-
ing status, duration and intensity of exercise test) potentially 
impacting study findings. Within the included studies in the 
meta-analytic review, none quantified MC status according 
to the methods recently recommended within published 
frameworks [83, 93], and therefore it was not possible to 
quantify any changes associated with menstrual status or 

phase. Such evaluations of buffering agents in females in 
future research may therefore serve to integrate the effects 
of both extracellular and intracellular buffers, as well as to 
consider the moderating, translational and athlete-specific 
factors for buffering agents in females.

Within all the included studies on buffering agents 
(sodium bicarbonate, sodium citrate and beta-alanine) in 
females (n = 29), only 21% reported a performance benefit 
(Fig. 2). These accounted for 38% of sodium bicarbonate 
studies, 7% of beta-alanine studies and no sodium citrate 
studies. In the case of the sodium bicarbonate literature, 
although there was high implementation of guidelines for 
supplement dose (92%), over one-third (38%) used perfor-
mance test intensities inconsistent with those most likely to 
benefit from enhanced buffering capacity [1], and therefore 
unlikely to be limited by acid–base disturbances. In the few 
studies investigating sodium citrate in females (n = 2), none 
used a supplement dose or timing that was consistent with 

Fig. 2  Buffering agents in females. Studies were evaluated accord-
ing to their (1) recruitment of highly trained (national level; tier 3) 
athletes as research participants, according to a recently established 
participant classification framework [22], (2) an increase in buffer-
ing capacity consistent with performance benefit (≥ 4 mmol/L blood 
bicarbonate concentration  [HCO3

−] for extracellular buffering agents 
[5] and ≥ 40% increase in muscle carnosine concentration for beta-
alanine studies [23]) and (3) a documented performance benefit in 
exercise tests that replicated real-world performance efforts (e.g. 
laboratory or field-based time trials, or tests replicating the profile or 
movement patterns required in competitive events). Studies that did 
not feature highly trained participants, evidence of performance bene-
fit or improved buffering capacity are not included within the diagram 
(n = 15). The figure is based on the findings of 29 studies (13 sodium 
bicarbonate studies, 2 sodium citrate studies and 14 beta-alanine stud-
ies)
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the current evidence-based guidelines (Table 2) [1]. How-
ever, all sodium citrate studies were compliant with three 
design factors: implementing randomised crossover designs, 
adhering to pre-test dietary standardisation, and employing 
real-world exercise protocols (Table 3) [50, 94].  

Future investigations on the efficacy of buffering agents 
in females should focus on quantifying menstrual status, 
using methods to define MC phases based on hormonal 
profiles and/or controlling menstrual status, reporting 
types of hormonal contraceptive method used, tracking MC 
phase and standardising the phase for exercise testing and 
allocating participants using hormonal contraceptives to 
a control group [93]. Such investigations may contribute 
to a more thorough evaluation of the efficacy of buffer-
ing agents in female populations, particularly given that 
commonly reported side-effects of sodium bicarbonate and 
sodium citrate use (e.g. gastrointestinal side-effects) [5, 7] 
can be similar to symptoms experienced during menses 
[e.g. bloating, abdominal pain and gastrointestinal changes 
(stools)], and as a consequence, could be considered a con-
founding factor [95]. However, integration of menstrual 
phase control may be more difficult with studies of beta-
alanine given the need for ≥ 4 weeks of chronic loading 
and the associated pre- and post-supplementation testing 

[3]. This may also apply to studies of acute sodium bicar-
bonate supplementation as a support for a periodised train-
ing program, with the latter only having been studied in 
recreationally active female athletes [29]. The recrutiment 
of highly trained female athletes performing exercise tests 
replicating real-world racing and/or competition is of high 
priority across all buffering supplements. Expansion of the 
literature in this way would enhance the translation of find-
ings to the preparation and practice of high-performance 
female athletes.

2.2  Extreme Environments

Major international events (e.g. World Championships, 
Olympic Games) are frequently held in hot and/or hypoxic 
conditions, creating challenging scenarios for athletes 
[14]. Performance in endurance events can be substan-
tially impaired in hot conditions due to acute physiological 
responses such as decreased plasma volume [96]. While the 
body of evidence demonstrates a benefit in high-intensity 
and sprint-type exercise performance with buffering agents, 
there is emerging theoretical evidence that buffering agents 
may provide benefit in endurance exercise. This effect may 
be due to an accelerated glycolytic flux and increase in 

Table 2  Studies in buffering agents, analysed for moderating factors (duration and timing of supplement ingestion, and duration and intensity of 
exercise test)

40% of included studies > 40% of included studies ≥ 80% of included studies≤

Beta-alanine

Beta-alanine

Inclusive of studies in females (n = 29 studies), environmental extremes (n = 18) and combined buffering agents (n = 11). Studies were evaluated 
according to current evidence-based recommendations for sodium bicarbonate (0.2–0.4 g/kg BM acute dose, 60–150 min prior to high-intensity 
exercise of 30 s–10 min duration), sodium citrate (0.5 g/kg BM acute dose, 200–240 min prior to very high-intensity exercise of 60 s–7 min 
duration) and beta-alanine (≥ 4 weeks chronic dose, 3.2–6.4 g/day, prior to high-intensity exercise of 30 s–10 min duration). Studies have been 
given a rated according to the incidence of moderating factors, with red representing ≤ 40% of included studies, yellow representing ≥ 40% of 
included studies and green representing ≥ 80% of included studies
BM body mass
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adenosine triphosphate production, and a reduction in the 
depression of muscle force due to extracellular potassium 
ion accumulation during demanding exercise [97–99]. 
Acute exposure to hot weather conditions during exercise 
can also lead to a greater reliance on anaerobic metabolism 
compared with equivalent exercise in temperate conditions, 
leading to an increased accumulation of  [La−] and  [H+] 
[100]. In addition to the buffering effect, pre-exercise sup-
plementation with sodium bicarbonate or sodium citrate 
involves the intake of substantial amounts of sodium; this 
might contribute to hyperhydration (an increase in total 
body water above normal levels) and a reduction in the 
thermal and cardiovascular strain associated with exercise 
in the heat [101–104]. Meanwhile, training in hypoxic con-
ditions is often used by athletes to prepare for competitions 
(both at altitude and at sea level), given that exposure to the 
low-oxygen environment may elicit physiological responses 
associated with the reduced oxygen availability, resulting 
in a decreased inspired partial pressure of oxygen  (PiO2), 
and a subsequent decreased arterial oxygen partial pressure 
 (PaO2) and arterial oxygen saturation  (SaO2), contributing 

to a decreased maximal oxygen consumption ( V̇O2max) 
[105]. Further, an increased release of noradrenaline by 
the sympathetic nervous system can facilitate an increased 
reliance on blood glucose metabolism and increased blood 
lactate concentration during submaximal exercise, provided 
athletes are able to maintain their sea-level training pace 
or intensity, which has been reported with athletes who 
are experienced with training at altitude [15, 106]. After 
2–4 weeks, adaptations occur (e.g. increased haemoglobin 
mass and V̇O2max at sea level), enhancing performance at 
sea level [106, 107]. Acute exposure to the reduced avail-
ability of oxygen at altitude results in a reduced V̇O2max, and 
therefore the documented acute responses of hypoxia indi-
cate that supplementation with buffering agents in the acute 
phase of altitude exposure may improve athletes’ capacity 
to maintain training intensity, as has been reported for some 
well trained and elite athletes during training camps at alti-
tude [15]. Some consideration of the potential benefits of 
buffering agents in extreme environments has been under-
taken for hot weather conditions [108] and altitude [13]. 
However, further interrogation of the literature on sodium 

Table 3  Studies in buffering agents, analysed for design factors (menstrual cycle control, study design, familisarisation, pre-trial meal standardi-
sation, performance tasks and quantification of side effects)

40% of included studies≤ > 40% of included studies ≥ 80% of included studies

ß

Inclusive of studies involving females (n = 29), environmental extremes (n = 18), and combined buffering agents (n = 11). Including MC con-
trol according to recently established frameworks for female participants in sport science research [83, 93], study design (randomised crossover 
with repeated measures, or matched groups design, sample size similar to previous reports and control group), familiarisation trials, familiari-
sation protocols (familiarisation trials, citation of reliability and measurement error data), pre-test dietary standardisation (citation of stand-
ardisation methods and objective data), inclusion of performance tests replicating real-world events (laboratory or field-based time trials, or tests 
replicating the profile or movement patterns required in competitive events) and quantification of gastrointestinal symptoms/side-effects [5, 7, 8, 
20, 21]. Coloured circles indicate the percentage of studies compliant with recommendations across total studies within (a) all buffering agents 
in females (sodium bicarbonate, sodium citrate and beta-alanine), (b) environmental extremes (heat and altitude) and (c) combined buffering 
agents. Studies have been rated based on the incidence of design factors, with red representing ≤ 40% of included studies, yellow represent-
ing ≥ 40% of included studies and green representing ≥ 80% of included studies
ß-A beta-alanine, B sodium bicarbonate, C sodium citrate, GIS gastrointestinal symptoms
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bicarbonate, sodium citrate and beta-alanine supplemen-
tation in extreme environmental conditions is required to 
evaluate how well the available studies have accounted for 
modifying and translation factors.

Of the 18 studies investigating buffering agents in 
extreme environments, five studies were in hot conditions 
(mean ± SD temperature 31.4 ± 2.2 °C and relative humidity 
48.0 ± 8.4%) and 13 studies were in hypoxia (mean ± SD ele-
vation 3181 ± 1024 m). Of these studies, only 22% reported 
a performance benefit (Fig. 3) (three altitude studies and one 
heat study). Within the heat literature, across the four modi-
fying factors, ≤ 40% employed protocols consistent with 
the recommended use of these supplements (20% of studies 
for dose, none for timing, and 40% of studies for exercise 
duration and intensity). However, several studies conducted 
in hot conditions were focused on the effects of sodium 
bicarbonate or sodium citrate on hydration status, rather 
than quantifying buffering capacity and performance in the 
context of these environmental conditions [56–58], which 
may explain the lack of consistency with buffering-specific 
guidelines. A common limitation of the studies conducted in 
the heat was the absence of adequate familiarisation practice 
(included only in 20% of studies). No studies conducted in 
the heat recruited highly trained or elite athletes, and there 
is therefore currently very limited transferability of these 
research results to high performance sport. Among studies 
conducted at altitude, 77% used an exercise test duration 
consistent with current evidence-based guidelines, but with 
limitations associated with the translation quality of studies, 
this included a lack of adequate familiarisation measures 
(included in only 23% of studies), no studies that included 
pre-test dietary standardisation, poor quantification of gas-
trointestinal symptoms or other side-effects (15%), and a 
limited incidence of performance tests with relevance to 
real-world outcomes (31%).

A future focus on the recruitment of highly trained and/
or elite athletes for studies conducted in hot and/or hypoxic 
conditions may increase the relevance of research findings 
to preparation and competition outcomes in high perfor-
mance sport. Further investigation of extracellular buffering 
agents in hot-weather conditions is required to determine 
the combined effect of manipulating hydration and buffer-
ing characteristics on performance outcomes, or how each 
characteristic contributes to an observed performance ben-
efit. This will build on the evidence that hyperhydration 
can be induced after ingestion of sodium bicarbonate and 
sodium citrate at the doses typically used to increase buffer-
ing capacity [104], and recently reported improvements in 
buffering capacity and performance in hot conditions [54]. 
The current literature provides very limited evidence that 
the use of buffering agents is beneficial to performance in 
athletes when they train or compete at altitude; however, 
greater confidence in this supplementation strategy might 

be provided by conducting studies which include supple-
ment protocols with the recommended dose and timing, 
as well as design features that increase confidence in the 
study outcomes (e.g. familiarisation trials, quantifying of 
side-effects). An increase in real-world relevance may also 
be facilitated by the evaluation of buffering agents at the 
lower altitudes more commonly used by athletes for alti-
tude training. Indeed, popular venues for training camps 
include Font-Romeu, France (1850 m); Colorado Springs, 
USA (1860 m) and Kunming, China (1860 m) [106]. The 
elevations at these venues are classified as low altitude 
according to the range of elevations across the altitude 
training literature [109]; however, physiological adapta-
tions, including increases in haemoglobin mass, have been 

Fig. 3  Buffering agents in altitude and heat. Studies were evalu-
ated according to their (1) recruitment of at least highly trained 
(national level, tier 3) athletes as research participants, according to 
a recently established participant classification framework [22], (2) 
an increase in buffering capacity consistent with performance benefit 
(≥ 4 mmol/L blood bicarbonate concentration  [HCO3

−] for extracellu-
lar buffering agents [5] and ≥ 40% increase in muscle carnosine con-
centration for beta-alanine studies [23]) and (3) a documented perfor-
mance benefit in exercise tests that replicated real-world performance 
efforts (e.g. laboratory or field-based time trials, or tests replicating 
the profile or movement patterns required in competitive events). 
Studies that did not feature highly trained participants, evidence of 
performance benefit or improved buffering capacity are not included 
within the diagram (n = 4). The figure is based on the findings of 18 
studies (13 studies examining buffering at altitude and five studies 
examining buffering in the heat)



S37Efficacy of Buffers in Specific Contexts: Female Athletes, Extreme Environments, and in Combination

reported following training at altitudes of 1400 m [15], 
1600 m [110] and 1800 m [111].

2.3  Combined Buffering Agents

Studies of the supplementation practices of athletes fre-
quently document the concurrent use of a number of differ-
ent products [112, 113]. Undoubtedly, some of these prac-
tices represent indiscriminate polypharmacy, with athletes 
being unaware of the cumulative quantity and range of ingre-
dients that they are ingesting [114]. However, in other situa-
tions, the athlete may use two or more supplements simulta-
neously with the deliberate intent of combining the separate 
actions of each product. Within the scientific literature, one 
of the most frequently investigated supplement combina-
tions is sodium bicarbonate and beta-alanine [1, 3, 16, 24, 
115]. This underscores the theoretical potential for an addi-
tive effect of extracellular buffering via increases in blood 
pH and  [HCO3

−] and intracellular buffering via increased 
muscle carnosine content compared with the use of either 
strategy alone, as well as the anecdotal reports of combined 
use of these two buffering agents by athletes [16]. There 
is some evidence that combined beta-alanine and sodium 
bicarbonate supplementation may elicit performance ben-
efits [3, 115], particularly when compared with beta-alanine 
ingestion in isolation. Further investigation of the translation 
of research findings to athletes’ performance has however 
yet to be performed.

Of the 11 studies investigating the combination of buff-
ering agents included in our analysis, 10 explored sodium 
bicarbonate and beta-alanine supplementation, and one 
explored sodium bicarbonate and sodium citrate supple-
mentation. When the combined effect of beta-alanine and 
sodium bicarbonate supplementation was compared with 
beta-alanine in isolation, a performance improvement was 
reported in only one study (Fig. 4). This outcome was not 
explained by moderating factors, given that, compared with 
the evidence-based guidelines for both dose and timing, 
all studies were compliant with duration, and 73% were 
compliant with intensity of the exercise test guidelines. 
Our finding contradicts other evaluations of the literature 
[3, 115] which have reported a further performance benefit 
when sodium bicarbonate was added to beta-alanine sup-
plementation. This discrepancy is likely due to the differ-
ent analysis methods used in the current narrative review; 
we examined performance effects only when the exercise 
tests were relevant to real-world performance (8/11 studies), 
although studies with more controlled exercise protocols 
were included in the analysis of other study factors. Further, 
our narrative summary is different to the meta-analytical 
approach which can magnify the numerical outcome of 

studies with small samples in which the individual study 
failed to detect an effect. To enhance our knowledge of 
this area, we recommend that the combination of buffer-
ing agents be evaluated in the context of performance tests 
replicating real-world performance, and in highly trained 
participants. Further, investigation of other iterations of 
buffering agent combinations (e.g. beta-alanine and sodium 
citrate) with comparisons between the isolated buffering 
agents and the supplement combination is warranted. Evalu-
ation of the efficacy of combined buffering agents in scenar-
ios relevant to athletes’ training practices and competition 

Fig. 4  Combined buffering agents. Studies were evaluated accord-
ing to their (1) recruitment of at highly-trained (national level, tier 
3) athletes as research participants, according to a recently estab-
lished participant classification framework [22], (2) an increase in 
buffering capacity consistent with performance benefit (≥ 4 mmol/L 
blood bicarbonate concentration  [HCO3

−] for extracellular buffering 
agents [5] and ≥ 40% increase in muscle carnosine concentration for 
beta-alanine studies [23]) and (3) a documented performance benefit 
in exercise tests that replicated real-world performance efforts (e.g. 
laboratory or field-based time trials, or tests replicating the profile or 
movement patterns required in competitive events). Studies that did 
not feature highly trained participants, evidence of performance bene-
fit or improved buffering capacity are not included within the diagram 
(n = 5). The figure is based on the findings of 11 studies (10 studies 
investigating sodium bicarbonate and beta-alanine and one study 
investigating sodium bicarbonate and sodium citrate)
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preparation (e.g. altitude and/or heat training camps) is also 
required to determine the differentiation in buffering capac-
ity and performance in these environments. The potential 
translation of such research findings to the preparation for 
major championship events held in hot and hypoxic con-
ditions is relevant to the compromised buffering capacity 
reported when athletes are acutely exposed to these chal-
lenging environmental conditions [100, 107].

3  Practical Applications 
and Recommendations

3.1  Interactions of Buffering Agents with Other 
Supplements

Theoretically, other evidence-based supplements could be 
used in combination with buffering agents, in the hope of 
achieving an additive or synergistic effect by addressing dif-
ferent contributors to the fatigue or decay in exercise perfor-
mance [116]. Potential benefits could occur by adding the 
separate effects of increased substrate availability (e.g. cre-
atine supplementation), reduced perception of pain or effort 
(e.g. caffeine), or effects on muscle contractility (e.g. nitrate) 
[1]. Of course, a range of interactions between these supple-
ments and buffering agents could occur, across the spectrum 
of negative through neutral, to synergistic [16]. Counter-
productive outcomes could occur if the combination of prod-
ucts exacerbates the risk or magnitude of side-effects. For 
example, a study of well-trained rowers undertaking 2000 m 
rowing ergometer time trials found that the 2% improvement 
in performance associated with the pre-exercise intake of 
caffeine was negated by combining it with a bicarbonate 
supplementation protocol; this was attributed to the associ-
ated gastrointestinal discomfort [117]. Here, it should be 
noted that even if the focus was limited to the relatively few 
performance supplements that are individually considered to 
be evidence based, conventional controlled trials would be 
unable to adequately investigate the numerous permutations 
and combinations of these products with buffers on sports 
performance [1]. A sophisticated approach to field testing 
or research methodology would be needed to identify the 
optimal protocol for combining the use of some or all of 
these supplements in key sporting events.

3.1.1  Buffers and Nitrate Supplementation

Two supplements may directly interact with the extracel-
lular alkalosis associated with the use of sodium bicarbo-
nate/citrate. Nitrate supplementation, often in the form of 
consumption of beetroot juice/extracts, has been shown to 
enhance the performance of sports and exercise protocols 

[118]. Limitations of the existing literature are associated 
with a lack of evidence for performance benefit in well-
trained athletes and females; however, the existing evidence 
indicates the primary mechanism is focused on downstream 
effects of the enhanced bioavailability of nitric oxide (NO) 
on exercise economy and muscle contractility [118]. The 
nitrate–nitrite–NO reaction provides an alternative path-
way for NO production to the better known NO synthase-
dependent pathway, and because of its ability to function in 
the presence of hypoxia and acidosis, this auxiliary source 
of NO availability may be particularly important during 
exercise because these conditions may occur locally within 
the muscle [119]. There is theoretical evidence that the 
combination of nitrate supplementation and bicarbonate 
supplementation protocols, each of which individually is 
considered to benefit the performance of sustained high-
intensity (e.g. 2–8 min) sports/exercise protocols, might 
be counteractive if the extracellular buffering effects of the 
bicarbonate negate the efficacy of nitrate supplementation 
by interfering with one of the physiological conditions in 
which the nitrate–nitrite–NO pathway might provide advan-
tages [24, 120]. Only one study has investigated this inter-
action, by studying the individual and combined effects of 
supplementation with sodium bicarbonate and beetroot juice 
crystals on 4 km laboratory-based cycling time trial perfor-
mance [120]. Under the conditions of the study, there were 
no detectable effects of either or both supplements on time 
trial performance. Additional studies should continue to pur-
sue the hypothesis by investigating these supplements using 
scenarios (e.g. choice of subjects, supplement protocols 
and exercise conditions) in which performance benefits are 
evident, and collecting physiological measures (e.g. plasma 
nitrate, nitrite) to quantify the response.

3.1.2  Buffers and Ketone Ester Supplementation

More recently, ketone ester supplements have been pro-
posed to enhance endurance performance via effects asso-
ciated with an exogenously derived increase in plasma 
ketone bodies [121, 122]. However, the majority of stud-
ies involving ketone ester supplementation pre- or dur-
ing exercise have failed to show performance benefits, 
with some showing a decrement in exercise capacity or 
performance [123, 124]. As is the case with other sup-
plements, this may reflect differences in study protocols 
previously mentioned and the failure of most studies to 
achieve the scenario in which benefits might be elic-
ited [118, 122]. One of the potential causes of a perfor-
mance impairment or interference with potential benefits 
of ketone ester supplementation is that the ingestion of 
ketone esters before or during exercise in typically used 
doses (e.g. 20–40 g) is associated with an increased acid 
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load, causing a 0.05–0.10 reduction in pH and a decrease 
in the alkaline reserve [125]. This alteration in acid–base 
balance has been postulated to increase the perception of 
effort and contribute to the impairment of high-intensity 
exercise [126]. Indeed, a race-simulating cycling proto-
col in which 65 g of ketone ester was consumed before 
and during the initial phases of exercise (3 h submaximal 
intermittent cycling, followed by a 15 min time trial and 
an all-out sprint at 175% of lactate threshold), found a 
transient disturbance of acid base balance (reduction in 
blood pH and  [HCO3

−]) and a compensatory increase in 
ventilation [126]. However, the addition of a bicarbonate 
protocol (0.3 g/kg body mass [BM]) with the pre-exercise 
ketone ester supplementation protocol was able to coun-
teract this acidosis, and was associated with a 5% increase 
in power output during the 15 min time trial above the 
control and ketone ester trial, without affecting gastroin-
testinal symptoms or the performance of the all-out sprint 
[126]. The authors of this study concluded that the use of 
buffering agents in association with ketone esters could 
provide an opportunity to ‘unlock the potential benefits 
of ketone ester supplements’. However, a follow-up study 
from the same group, in which the bicarbonate-ketone 
ester combination was ingested prior to a shorter exercise 
bout (30 min cycling time trial and all out sprint), reported 
that the neutralisation of the acidosis associated with the 
ketone ester was not able to reverse the slight decrement in 
performance associated with exogenous ketosis alone, and 
that the best performance (similar time trial performance 
but increase in sprint outcome) was associated with the use 
of bicarbonate alone. These studies highlight the complex-
ity of metabolic scenarios achieved by the combinations of 
supplement protocols and real-life sporting events [127]. 
Although future studies may continue to fine tune such 
protocols and improve our understanding of the biochem-
istry of exercise, it is likely that they will be unable to cope 
with the performance aspects that arise from the stochastic 
nature of many real-life sports.

3.2  Side‑Effects and Safety Considerations

3.2.1  Beta‑alanine

An important consideration for athletes wishing to utilise 
any supplement within training or competition is the pres-
ence of side-effects or risks associated with the product. 
There is accumulating evidence of the safety of beta-alanine 
supplementation when it is ingested in the protocols (dose 
and duration) that have been scientifically investigated. The 
longest study to date showed that 24 weeks of beta-alanine 
supplementation at 6.4 g/day did not lead to any changes in 

clinical markers of renal, hepatic or muscle health in healthy 
individuals [128]. The same study showed no reduction in 
the muscle taurine pool [128], which is an important con-
sideration since animal studies have shown that beta-alanine 
supplementation can reduce the intracellular taurine content 
due to competition between beta-alanine and taurine for their 
shared transporter, TauT. Taurine depletion is associated with 
adverse health and performance outcomes in animal models 
[129, 130]. The original data of Saunders et al. [128] are 
supported by a systematic risk assessment of beta-alanine 
that showed no effect of supplementation on muscle taurine 
content in humans [131]. A further theoretical concern is that 
beta-alanine supplementation may reduce the intracellular 
content of free histidine [132], given that histidine is also 
required to synthesise carnosine. Experimental evidence on 
this is contrasting [133, 134], though meta-analytical data 
from humans indicate that beta-alanine supplementation does 
not reduce free histidine within commonly employed doses 
[131]. Taken together, the available evidence indicates that 
beta-alanine supplementation can be considered a safe ergo-
genic aid when taken in doses of 6.4 g/day up to 24 weeks.

Despite the clear safety of chronic beta-alanine ingestion, a 
common side-effect that is experienced acutely is paraesthesia, 
which is described as an uncomfortable prickly sensation on the 
surface of the skin. This sensation of paraesthesia occurs due 
to the binding of beta-alanine to peripheral neuronal receptors 
[135]. Although it can be considered an unpleasant or unwanted 
sensation, there is no evidence to indicate that paraesthesia is 
harmful per se and it should be considered a side-effect as 
opposed to an adverse effect. The occurrence and intensity of 
paraesthesia are dose related and closely relate to the time and 
peak of blood beta-alanine concentration [23]. Given this, strat-
egies to slow the release of beta-alanine into the blood, thereby 
reducing the extent of peak blood beta-alanine, can reduce or 
even entirely prevent the symptoms of paraesthesia. The most 
common method is to split the desired dose throughout the day 
[23]; for example, to divide the commonly used dose of 6.4 g/
day into 1.6 g every 3–4 h. This strategy may reduce, but not 
completely eliminate, the occurrence of paraesthesia [136]. A 
second option is to use sustained-release tablets; these have 
been shown to reduce the release of beta-alanine into the blood-
stream, substantially lowering the incidence of paraesthesia in 
comparison to beta-alanine in rapid release format or dissolved 
in an aqueous solution [137, 138].

3.2.2  Sodium Bicarbonate

The unpleasant side-effects that follow sodium bicarbonate 
ingestion are well known and can include abdominal pain, 
stomach ache, flatulence, nausea, diarrhoea, vomiting and 
headache [139, 140]. Since these side-effects may reduce or 
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negate the benefit of the buffering effect of sodium bicarbo-
nate [140, 141], it is important to determine their severity, 
their likelihood of impairing performance and strategies to 
minimise/avoid their occurrence. It is well known that the 
occurrence and intensity of these symptoms are intrinsi-
cally linked to the dose ingested, with greater discomfort 
experienced as the dose increased between 0.1 and 0.5 g/kg 
BM [142]. Therefore, finding the lowest effective dose may 
be the best approach for avoiding symptoms and negative 
effects on exercise outcomes. While the 0.3 g/kg BM dose 
appears to be optimal for ergogenic effects, a lower 0.2 g/
kg BM dose may be equally effective, with reduced gastro-
intestinal side-effects, particularly when the intake is timed 
to coincide with the peak circulating bicarbonate concentra-
tions of the exercise bout [143, 144]. Unfortunately, it may 
not always be practical for athletes to have their individual 
time-to-peak determined, and there is evidence that this 
metric is not consistent within individuals [145]. Therefore, 
in the absence of a strategy to guarantee well-timed lower-
dose supplementation, other methods to reduce side-effects 
appear warranted.

Methods to minimise/avoid the undesired side-effects 
associated with sodium bicarbonate ingestion have been 
investigated. One previous study [146] investigated a vari-
ety of protocols involving the ingestion of 0.3 g/kg BM 
sodium bicarbonate; variables included the use of solutions 
or capsules, different volumes of solution (7 or 14 mL/kg 
BM), different ingestion periods (30 or 60 min pre-exercise) 
and the presence or absence of a carbohydrate-rich meal 
(1.5 g/kg BM). While reported side-effects were similar 
between most protocols, the lowest incidence of symptoms 
(based on systematic quantification of symptoms using a 
validated scale) was reported when supplement ingestion 
was performed in conjunction with the carbohydrate meal. 
These data suggest that athletes should ingest their sodium 
bicarbonate dose with a small carbohydrate-rich meal to 
minimise side-effects. Other studies have employed differ-
ent split-dose strategies to avoid side-effects, though many 
still report some discomfort [140, 147–149], while direct 
comparisons of ingesting a single bolus versus a split-dose 
strategy are lacking. Chronic (multi-day) consumption of 
sodium bicarbonate may be an effective way to increase 
blood bicarbonate levels without the need for supplement 
ingestion on the competition day itself since circulating 
bicarbonate may remain elevated for up to 48 h [150–152]. 
More recently, strategies that minimise bicarbonate interac-
tion with the stomach acid have been suggested to minimise 
side-effects and optimise blood bicarbonate increases [153]. 
Delayed-release [154] or enteric coated capsules [139, 155] 
show promise in reducing the common side-effects com-
pared with sodium bicarbonate ingestion in gelatine capsules 
or solution, though this research line remains in its infancy. 

Transdermal delivery of sodium bicarbonate has also been 
investigated, but there is currently insufficient evidence to 
suggest any benefit to performance [156]. A combination of 
sodium bicarbonate ingestion in enteric capsules alongside a 
carbohydrate meal may be an interesting, but yet unstudied, 
strategy.

3.2.3  Sodium Citrate

Sodium citrate is often considered an attractive alterna-
tive to sodium bicarbonate due to the perceived lower risk 
and intensity of side-effects [24, 157]. It is important to 
note, however, that side-effects do still occur with sodium 
citrate, the most common of which are similar to those 
experienced with sodium bicarbonate: stomach cramps, 
bloating, nausea, vomiting, urge to defecate, diarrhoea, 
thirst and headache [94, 158, 159]. In fact, recent evidence 
suggests that the side-effects experienced with the recom-
mended dose of sodium citrate (0.5 g/kg BM) lead to the 
same number and intensity of symptoms as those with 
the recommended dose of sodium bicarbonate (0.3 g/kg 
BM) [160]. The prevalence and intensity of these symp-
toms increase in a dose-dependent manner for 0.5, 0.7 
and 0.9 g/kg BM [161]. Thus, dose also appears to be a 
key factor when considering the incidence and intensity 
of side-effects with sodium citrate.

The side-effects associated with sodium bicarbonate 
and sodium citrate appear similar in symptoms, incidence 
and intensity. Nonetheless, comparison between studies 
is somewhat limited by the lack of a standardised method 
of obtaining and reporting these symptoms. Furthermore, 
although many reported side-effects are unlikely or less 
likely to substantially influence exercise performance 
(e.g. burping or flatulence), others may be detrimental to 
performance (e.g. diarrhoea or vomiting). Further, some 
symptoms are likely to be more problematic in some sports 
(e.g. running events) than others (e.g. cycling), and in some 
cases, athletes might well be willing to experience some 
of these symptoms, particularly if they are mild and if it 
means performance gains. The intensity of these symp-
toms and moment at which they are reported in relation to 
exercise are also key factors. Further research should strive 
to determine whether the combination of strategies (e.g. 
carbohydrate-rich meal co-ingestion and gastro-resistant 
capsules) that minimises symptoms leads to further reduc-
tions in their number and intensity. Athletes should experi-
ment with these supplements throughout training and adapt 
the dose and timing of these supplements accordingly based 
upon recommendations (see Sect. 3.3) and their own experi-
ence of side-effects.
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3.3  Recommendations for Athletes 
and Performance Support Practitioners

The importance of supplementation strategies that are spe-
cific to individual athletes has been emphasised in the lit-
erature [1]. This is particularly relevant given the paucity 
of real-life considerations within published studies such 
as effect of sex differences, differences due to athlete cali-
bre, use in extreme environments, and the combined use of 
extracellular and intracellular buffering agents. We therefore 
provide a summary of the current evidence in this area to 
develop evidence-based supplementation strategies for indi-
vidual athletes, as detailed below (Table 4).

3.3.1  Phase 1—Preparation for Use of Buffering Agents

Within the athlete’s preparation phase, we recommend 
an audit of their training history and current training 
practices, as well as nutritional practices and supplement 

use. The available time that can be dedicated to experi-
mentation and fine tuning of supplementation protocols 
should also be identified. It has been recommended that 
supplementation practices be undertaken only by athletes 
with an established nutritional literacy and training prac-
tices; therefore supplementation with buffering agents 
is unlikely to be introduced for junior or inexperienced 
athletes [21]. During this phase, performance support 
practitioners (e.g. sports dietitians) may dedicate time to 
improving athletes’ nutritional literacy, to enhance the 
athlete’s overall nutritional practices in the short and/or 
long term. Priority should be given to supplements, taken 
individually or in combination, with robust evidence of 
effectiveness and low risk of side-effects (e.g. taking cau-
tion with the combination of caffeine and sodium bicar-
bonate [117]), and the specific buffering strategy should 
be identified (e.g. use of sodium bicarbonate in isolation, 
or in combination with beta-alanine). Importantly, current 
and historical data on female athletes’ MC and symptoms 

Table 4  Proposed model for the integration of evidence-based 
approaches to the development of individual buffering protocols for 
athletes preparing for major championship events, based on the estab-

lished effect of modifying, translation and athlete-specific factors ([1, 
3, 7, 16, 20, 21, 24]

Phase Key elements

Phase 1: preparation Athlete selection
Established training and nutritional practices; improve nutritional literacy where feasible
Timing of supplementation trials
Adequate time available prior to major competitive events; establish specific buffering strategy 

(isolated/combined)
Documentation of relevant details of competitive events (e.g., held in hot and/or hypoxic condi-

tions)
Buffering agent trials integrated into event preparation
Audit of supplementation practices
Documentation of current supplementation practices
Identify opportunities for co-supplementation with evidence-based combination
Removal of co-supplementation with limited evidence or risk of negative side-effects
Menstrual cycle information
Establish individual symptomatology patterns associated with menstrual status

Phase 2: isolated buffering trials Establish supplement dose and timing
Administer buffering agents according to evidence-based timing and doses
Quantify gastrointestinal symptoms and other side-effects
Modify supplement dose and timing within evidence-based range
Further modifications as required (e.g., split doses, slow-release tablets, individual time to peak and 

chronic dosing for extracellular buffers)
Phase 3: buffering trials during training Establish training session duration and intensity

Selection of high intensity session for sodium bicarbonate and beta-alanine, and very high intensity 
session for sodium citrate; periodised according to chronic beta-alanine loading if relevant

Quantification of buffering capacity for sodium bicarbonate and sodium citrate trials
Quantify training capacity during trial training sessions

Phase 4: buffering during races/competition Trial under race/competition conditions
Quantify buffering capacity if feasible
Quantify gastrointestinal symptoms and other side-effects
Quantify race/competition performance
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should be collected (e.g. use of hormonal contraceptives, 
timing of phases [91, 92]) to establish an understanding of 
individual athletes’ menstrual status and associated symp-
tomology patterns. Assessment of the suitability of intro-
ducing the use of buffering agents prior to major compe-
titions would ideally include confirmation of adequate 
time and opportunity to include trials within the athletes’ 
periodised preparation [21]. It is anticipated that several 
months is likely to be required, to identify opportunities 
for repeated trials during suitable training sessions of 
high intensity (for acute sodium bicarbonate supplemen-
tation) and very high intensity (for acute sodium citrate 
supplementation), which will need to be coordinated with 
chronic loading of ≥ 4 weeks for beta-alanine trials, and/
or trials of acute sodium bicarbonate or sodium citrate 
combined with beta-alanine.

3.3.2  Phase 2—Isolated Buffering Trials at Rest

We recommend that when athletes are deemed suitable to 
undertake trials of the use of buffering agents, this work 
is undertaken in conjunction with performance support 
practitioners (e.g. sport scientists and sports dietitians). 
Activities should focus on key modifying factors that can 
impact the efficacy of buffering agents (supplement dose 
and timing), with these first being performed under resting 
conditions to avoid the additional variables associated with 
training sessions. Evidence-based supplement dose and 
timing should be used (Fig. 1), supported by the collection 
of data that can inform the individual athlete’s responses 
to the use of buffering agents in methods that are practical 
within the specific conditions of their event [20, 21]. Vali-
dated or previously cited scales can be used to quantify 
gastrointestinal symptoms (most relevant for sodium bicar-
bonate and sodium citrate [162]), and other side-effects 
routinely reported during beta-alanine supplementation 
regimes (e.g., paraesthesia) [137]. It is valuable, where 
possible, for the sports scientist to monitor increases in 
blood  [HCO3

−] in conjunction with the use of extracellular 
buffering agents using portable blood-gas analysers. The 
interpretation of the combination of such data (e.g. tim-
ing of increases in buffering capacity and gastrointestinal 
symptoms) can be used to inform any modifications to 
supplement dose (e.g. decreases within the evidence-based 
range) and timing (e.g. increased duration prior to train-
ing sessions to avoid gastrointestinal symptoms). Addi-
tional strategies (e.g. use of split doses of beta-alanine to 
refine the daily dosing protocol, slow-release capsules for 
sodium bicarbonate and sodium citrate, and co-ingestion 
with high-carbohydrate foods and fluids) may provide 
additional benefit [1, 24].

3.3.3  Phase 3—Buffering Trials During Training

This phase provides an opportunity to implement trials of 
buffering agents within training sessions that provide event-
specific characteristics likely to benefit from manipulation of 
acid–base balance (i.e. exercise of appropriate mode, duration 
and intensity) [1, 3, 5, 7]. It is important that these include 
high-intensity training sessions (for sodium bicarbonate and 
beta-alanine trials) and very high-intensity training sessions 
(for sodium citrate trials) that replicate racing or competition 
demands, to increase the translation of the trials to the ath-
lete’s real-world competition experience [1, 20, 21]. These ses-
sions should be selected according to a periodised approach 
to supplementation, allowing ≥ 4 weeks’ daily beta-alanine 
supplementation and/or adequate time on the day of the tri-
als for the acute pre-session ingestion of sodium bicarbonate 
(60–150 min) or sodium citrate (200–240 min) [1, 3, 5, 7]. 
Another important feature of this phase is that similar sessions 
be conducted without supplementation, to facilitate a compari-
son with supplemented sessions. Consideration of factors that 
reduce performance variability (e.g. standardised pre-training 
meals that replicate the normal pre-race diet and familiarisa-
tion with training sessions performed) may add further rig-
our to trials conducted. Within this phase, continuation of the 
data collected during phase 2 (quantification of gastrointestinal 
symptoms, any other side-effects and extracellular buffering 
capacity) can inform additional modifications to supplement 
timing and dosing, as required. Repetition of standardised tri-
als which quantify any changes to training capacity associated 
with the use of buffering agents will assist with making deci-
sions about potential benefits during competition [1, 16].

3.3.4  Phase 4—Buffering During Races/Competitions

Additional refinement of athletes’ buffering practices can 
be achieved by the introduction of buffering agents (accord-
ing to the individual protocols developed during phases 1–3 
described above) during minor competitions in the lead-up 
to the major events [1]. Where feasible, it is useful for the 
sport scientist to quantify buffering capacity, performance 
metrics, and any side-effects associated with strategies. Such 
an approach may serve to increase the athletes’ confidence 
in their buffering agent protocol and reduce the likelihood 
of any inadvertent deleterious effects on their performance.

4  Conclusion

In this narrative review, we have evaluated the current evi-
dence for the use of buffering agents in specific popula-
tions (high-performance female athletes), extreme environ-
ments (altitude and heat) and in combined supplementation 
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protocols (beta-alanine and sodium bicarbonate). We have 
also considered the moderating factors used in research 
studies (i.e. supplement dose and timing, and exercise test 
duration and intensity), factors specific to the translation 
of findings to real-world performance (e.g. controlling for 
menstrual status, performance tests replicating real-world 
competitive events) and other factors with a high level of 
specificity to athletes’ performance (e.g. recruiting highly 
trained or elite-level athletes as research participants). 
Within these contexts, the current evidence of performance 
improvements from the use of sodium bicarbonate, sodium 
citrate and beta-alanine in highly trained or elite athletes is 
limited; indeed, only 11/58 of the included studies (19%) 
reported a performance benefit. This outcome, however, 
may have been adversely impacted by some of the limita-
tions within the existing literature (e.g. a very small number 
of sodium citrate studies in females, and few altitude studies 
including performance tests that replicate real-world per-
formance efforts). We have highlighted priorities for future 
research, including (i) buffering studies in highly trained 
females, which include quantification of MC factors, (ii) 
buffering studies conducted at altitude with performance 
tests simulating real-world competitive events, and (iii) the 
use of various combinations of buffering agents by highly 
trained and elite research participants. When integrating the 
use of buffering agents into athletes’ preparation for major 
events, potential strategies include identifying opportunities 
for co-supplementation with other evidence-based supple-
ments, reducing the likelihood of side-effects, and optimis-
ing key moderating factors—supplement dose and timing, 
and exercise duration and intensity– to develop evidence-
based buffering protocols for individual athletes.
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