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The use of sports foods and supplements has become ubiquitous among cyclists of all disciplines in order to meet energy and
nutrient targets and to improve performance and recovery outcomes. This review will provide an overview of the different types
of products and the rationale for their use, while highlighting key considerations surrounding the safety and anti-doping risks that
supplements pose among athletes. A summary of supplements with a strong evidence base (caffeine, creatine, sodium
bicarbonate, beta-alanine, dietary nitrate, and glycerol) and emerging supplements popularized within cycling (exogenous
ketones) is also provided, outlining accepted protocols for use, timing, and potential ergogenic effects or side effects.
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The sport of cycling is composed of multiple disciplines
(e.g., road, mountain biking, track, BMX, and gravel), many of
which can be further subcategorized into individual events, each
with unique physiological demands induced by the intensity,
duration, and environment in which it takes place. Although these
variations make “one-size fits-all” nutrition recommendations for
cyclists impossible, the use of sports foods and supplements has
become commonplace within the sports nutrition plans and prac-
tices of cyclists across all disciplines. Indeed, reviews have identi-
fied that age, biological sex, athlete caliber, and sport discipline
all influence supplement use (Burke & Slater, 2021; Garthe &
Maughan, 2018; Thomas et al., 2016), and surveys of high-perfor-
mance (i.e., national level or higher, Tier 3+; McKay et al., 2022)
cyclists have consistently reported a high prevalence of supplement
use, ranging from 85% to 100% among participants (Baltazar-
Martins et al., 2019; Huang et al., 2006; Loraschi et al., 2014).

Although a “food first” approach focusing on nutrient-rich and
less processed foods is a foundation of modern sports nutrition
(Close et al., 2022), a range of factors in cycling create scenarios in
which a “food-only” approach is not viable. In this regard, sports
foods and supplements can uniquely assist cyclists to meet their
specialized energy and nutrient targets or to improve health,
performance, and recovery outcomes (Burke & Slater, 2021). This

review is part of series of articles commissioned by Union Cycliste
Internationale (UCI) contributing to the preparation of a consensus
statement on nutrition for cycling and will provide an overview of
the different types of products most frequently used in cycling and
the rationale for their uses, as well as highlighting some caveats,
considerations, and contemporary applications of sports foods and
supplements. Although specific recommendations are difficult to
make due to the range of outcomes and physiological determinants
underpinning each cycling discipline, priority will be given to
supplements with the best evidence of adding value to cyclists’
nutrition plans, as well as those that are highly publicized within the
sport. Where sufficient detail has been provided, participants from
referenced literature will be classified according to performance
caliber as either Tier 1 (recreationally active, participating in
multiple sports), Tier 2 (trained/developmental, local level athlete
training ∼3 times per week with an intent to compete), Tier 3
(highly trained/national level athletes), Tier 4 (elite athletes com-
peting at the international level), or Tier 5 (world class, Olympic
and/or World Championship medalists) according to a recently
published framework (McKay et al., 2022).

A Working Definition of Sports Foods
and Supplements

The term “sports foods” generally refers to specific products de-
signed for use by athletes either in preparation for, during, or
following competition and/or training (Burke & Slater, 2021).
Broadly speaking, these foods focus on the provision of macronu-
trients including carbohydrate and protein and are often prepackaged
to combine the desired quantities required within a single source that
is easy to prepare, transport, and/or consume in sport-specific
environments. By contrast, dietary supplements can refer to any
food, food component, or compound that is ingested in addition to an
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individual’s habitual diet in order to achieve a specific health and/or
performance benefit (Maughan et al., 2018). Various groups have
tried to provide tools to classify sports foods and supplements
according to their function/mechanism of action, the strength of
evidence for their use, and the risk of detrimental outcomes. The
most recognized schemes include the Sports Supplement Frame-
work of the Australian Institute of Sport (The AIS Sports
Supplement Framework, 2025) and the Position Stand of the
International Olympic Committee on Dietary Supplements and the
High-Performance Athlete (Maughan et al., 2018). Table 1 sum-
marizes the common presentation and evidence-based uses of vari-
ous products that fit the categories of sports foods (e.g., bespoke
products which can be used by cyclists across all disciplines to meet
their energy and nutrient needs when it is impractical to use everyday
foods) or medical supplements (formulations which can be used
under the supervision of a sports physician or dietitian to prevent or
treat micronutrient deficiencies). Such products contribute to the
nutrition plans of many cyclists, particularly in scenarios of elevated
requirements or challenges to food availability or intake.

Specific Supplements With an Evidence
Base or Topical Interest for Use in Cycling

Whole foods and sport foods are the primary method for supporting
fueling and training; however, a wide range of supplements are
available in individual or combined formulations that make claims
of directly or indirectly improving athletic performance. These
products are a frequent topic of discussion among riders and
coaches, often targeting race scenarios in which they might provide
a small but worthwhile improvement in performance. However,
despite the multitude of supplements purporting to specifically
target performance outcomes in athletes, very few are supported by
robust scientific evidence. For example, the only performance
supplements classified as Group A (those with a sound evidence
base) by the AIS Sports Supplement Framework (2025) are
caffeine, creatine, beta-alanine (BA), sodium bicarbonate, dietary
nitrate, and glycerol. Therefore, this review will investigate the
potential applications of these specific supplements with the stron-
gest evidence base within cycling. In addition, we will highlight the
current evidence for exogenous ketone supplements (considered to
be a Group B supplement—evolving evidence; The AIS Sports
Supplement Framework, 2025) due to their history of use and
topical interest within cycling. Although not discussed in the
context of each individual supplement, we note that much of the
research performed to date has been performed in recreationally
active/lower competitive tier male athletes (e.g., Tier 2–3). Indeed,
in a recent audit of the literature on evidence-based performance
supplements found across 1,826 studies with 34,889 participants,
just 23% of participants were women, and only 9% (n = 778) of
men and 19% (n = 323) of women were classified as elite (Tier 4 or
5; Smith, McKay, Ackerman, et al., 2022). Recent work has
highlighted the physiological differences between elite and re-
creationally active athletes in other disciplines and the ensuing
ramifications on the exercise intensity/duration relationship (Burke
et al., 2025). Further work is therefore required in some instances to
determine the efficacy of these supplements across the range of
UCI recognized disciplines.

Caffeine

Caffeine is a well-known psychoactive substance with stimulatory
effects, most commonly consumed via coffee and other foods and

beverages including green tea, cocoa, chocolate, and yerba mate
derivatives such as chimarrão (Rocha et al., 2022). There are
several mechanisms via which caffeine may improve cycling
performance of varying distances and intensities. Some studies
have demonstrated increased oxidation of fat (Conger et al., 2023)
and exogenous carbohydrate (Yeo et al., 2005) during exercise,
thereby potentially sparing endogenous glycogen; however, this
finding is not universal (Graham et al., 2008). Caffeine may also
increase sarcoplasmic reticulum calcium release, but its most well-
recognized effect occurs via antagonism of the adenosine receptors
in the central nervous system (Nehlig et al., 1992) to increase focus
and pacing via a reduction in fatigue and perception of effort.
Alternatively, performance improvements from caffeine intake
may occur and/or be enhanced via placebo effects (Beedie
et al., 2006; Saunders, de Oliveira, et al., 2017). There is also
data to suggest that caffeine may enhance postexercise glycogen
resynthesis (Loureiro et al., 2021; Pedersen et al., 2008).

Caffeine has been shown to be an effective performance-
enhancing supplement across a range of cycling time-trial distances
and durations, including 30 s (4% increase in peak power output)
(Grgic, 2018), 1 km (3% faster) (Wiles et al., 2006), 4 km (∼2%
faster) (Felippe et al., 2018; Tomazini et al., 2020), 10 km (2%
faster) (Graham-Paulson et al., 2016), ∼30 min (4% increase in
mean power output) (Saunders, de Oliveira, et al., 2017), 1 hr (5%
greater distance covered) (McNaughton, Lovell, et al., 2008), and
40 km (3.5% increase in mean power output) (Foad et al., 2008).
Collectively, these findings suggest that caffeine can be utilized to
improve performance across most, if not all, cycling disciplines.

The current recommendations for dosing and timing suggest
that 3–6 mg/kg body mass (BM) (Guest et al., 2021) leads to
performance improvements, with timing varying depending on
form of administration (see Table 2). However, for prolonged
cycling events lasting several hours (i.e., road, gravel, or mountain
bike events ≥ 2 hr), supplementing prior to exercise may not always
be optimal because the half-life of caffeine is only a few hours
(Grzegorzewski et al., 2021) and its peak efficacy may be within
the initial period postsupplementation early in the event (Bell &
McLellan, 2002; Harty et al., 2020). Thus, periodic supplementa-
tion throughout exercise may be more efficient during prolonged
endurance exercise, specifically targeting moments when increased
performance may be necessary, such as an intermediate sprint or
climb during road cycling, or when there is increased fatigue, such
as toward the end of a race. Caffeine ingestion late in exercise, via
the form of Coca-Cola (Cox et al., 2002) or 100 or 200mg provided
in capsules (Talanian & Spriet, 2016), has been shown to increase
subsequent cycling time-trial performance by 3.5% and 4%–7%,
respectively. Interestingly, ingesting a staggered dose of caffeine
(6 × 1mg/kg BM every 20min) throughout 2 hr endurance exercise
was equally effective as ingesting the same total dose as a single
bolus 1 hr preexercise (∼3% improvement in time to complete a
7 kJ/kg BM time trial following a 2-hr preload at 70% V̇O2peak)
(Cox et al., 2002). Such staggered strategies might be considered
particularly useful during prolonged endurance events or during
ultraendurance events, for which caffeine’s effects are desired over
several hours.

The most traditional form of caffeine administration is pro-
viding anhydrous caffeine in capsule form though some athletes
may prefer to ingest caffeine via alternative sources including
energy drinks and gels or chewing gum. However, there has been
limited work exploring the impact of gels on cycling-specific
performance, and work employing energy drinks is often con-
founded by other ingredients including carbohydrate (Wickham &
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Table 1 Working Classifications of Sports Foods and Supplements

Category Examples Typical forms
Typical composition/
characteristics Uses during cycling

Sports
foods

Sports drink—
common

Powder or liquid (ready
to drink)

• 5%–8% CHO
• 10–25 mmol/L sodium

Contribute to fuel and rehydration plans during
training sessions and races

Sports drinks—
specialized

• Higher CHO concentrations
(e.g., up to ∼15% CHO)
• May have glucose:fructose blends
proposed to promote greater rates of
gut absorption
• May involve hydrogel technology
(pectin + alginate gel agents) pro-
posed to promote great rates of
stomach emptying
• Higher sodium concentrations
(e.g., 30–50 mmol/L)
• May contain caffeine

Designed to enhance gut uptake and tolerance,
allowing greater rates of CHO delivery to muscle
and support aggressive in-race fueling goals
Designed to increase sodium replacement during
lengthy races or in riders with high sweat rates/
higher sweat sodium concentrations

Sports gel 30–40 g sachets • 60%–70% CHO (25–40 g CHO per
sachet)
• Many contain glucose:fructose
blends (see sports drinks)
• May involve hydrogel technology
(see sports drinks)
•May contain caffeine or electrolytes

Contribute to fuel plans (and caffeine use) during
training sessions and races
Contribute to prerace fuel plans
See notes for specialized sports drinks regarding
enhanced gut handling characteristics

Sports
confectionary

Jelly-type confection-
ary (generally 5–6 g
each in pouch of ∼40–
50 g)

• 90% CHO confectionery items
(∼5 g per piece)
• Many contain glucose:fructose
blends (see sports drinks)
• May involve hydrogel technology
(see sports drinks)
•May contain caffeine or electrolytes

Contribute to fuel plans (and caffeine use) during
training sessions and races
Contribute to prerace fuel plans
See notes for specialized sports drinks regarding gut
enhancement characteristics

Sports bars 40–60 g bars
CHO focused

• 40–50 g CHO
• 5–10 g protein
• Usually low in fat and fiber
• May contain 50%–100% of DRIs
key vitamins/minerals
• May contain amino acids

Contribute to fuel plans during training sessions and
races
Contribute to prerace and postrace fuel plans,
especially when compact and low-fiber choices are
useful

40–60 g bar Protein
focused

20–40 g protein
5–10 g CHO
Usually low in fat
50%–100% of DRIs key vitamins/
minerals
May contain amino acids, creatine, or
other performance/recovery aids

Contribute to protein intake goals, especially post-
training/races or high energy phases
(e.g., intensified training, muscle gain phase)
especially when compact choices are useful

Protein
supplements

Powder (mix with
water or milk) or ready
to drink

Powder of 70%–90% protein content
from whey or other animal/vegetable
protein sources (e.g., milk, pea, soy)
May have other ingredients: amino
acids, creatine, and other perfor-
mance aids

Contribute to protein intake goals, especially post-
training/races or high energy phases
(e.g., intensified training, muscle gain phase)
especially when compact and low-fiber choices are
useful

Liquid meal
supplement

Powder (mix with
water or milk) or ready
to drink

1–1.5 kcal/ml
15%–20% protein
50%–70% CHO
Low to moderate fat
May contain 50%–100% of DRIs key
vitamins/minerals

Contribute to energy and nutrient goals, especially
posttraining/races or high energy phases
(e.g., intensified training, muscle gain phase)
especially when low fiber/quickly digested choices
are valuable
Prerace meal when low fiber/quickly digested
choices are valuable

(continued)
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Table 2 Summary of Supplements Used to Improve Cycling Performance

Supplement Dose and form Timing Half life or washout Possible side effects

Group A: Strong
evidence base

Beta-alanine 4–6 g/day
Form: Slow-release tablets
recommended

4+ weeks 2% decrease per week
(Stellingwerff et al., 2012),
returning to baseline after
several months

Paresthesia (i.e., tingling or
pins and needles)

Caffeine 3–6 mg/kg BM
Form: Drinks, tablets and/or
gum

1 hr prior to exercise, or
staggered doses for prolonged
(i.e., multiple hours) endur-
ance cycling gum may be
utilized closer (i.e., 15 min
prior) to exercise

Half-life: ∼4–5 hr (range
2–12 hr) (Reddy et al., 2024)

Headache, agitation, jitteri-
ness, anxiety, irritability,
increased blood pressure,
tachycardia and heart palpi-
tations, insomnia and reduced
sleep quality

Creatine Rapid loading: 20 g/day for
7 days
Prolonged loading: 3 g/day for
28 days
Form: Powder

Daily doses ∼30 days to return to baseline
levels (∼2.5–3 g/day decrease)
(Hultman et al., 1996; Persky
et al., 2003)

Weight gain via water
retention

Dietary inorganic
nitrate

Acute: 8–16 mmol Chronic:
4–16 mmol/day (Shannon
et al., 2022)
Form: Liquid (e.g., beetroot
juice)

1.5–2 hr prior to exercise Half-life: ∼5–6 hr (Lundberg
et al., 2008) in plasma

Glycerol 1.0–1.5 g/kg BM in combi-
nation with 15–30 mL/kg BM
water
Form: Liquid

1–1.5 hr prior to exercise Weight gain via water reten-
tion, bloating, nausea, and
headaches

Sodium
bicarbonate

0.3 g/kg BM
Form: Enteric-coated cap-
sules, hydrogel mixtures

1–3 hr prior to exercise Varies between individuals,
likely back to baseline within
24 hr postingestion

Gastrointestinal discomfort,
potential risk associated with
high sodium intakes

Group B: Requires
further interrogation

Ketone
supplements

Optimal dose currently
unknown, typically given as
286–573 mg/kg BM doses

1–2 hr prior to exercise or
postexercise

Half-life: ∼1–3 hr for βHB,
8–14 hr for AcAc (Clarke
et al., 2012)

Gastrointestinal discomfort,
dizziness, and hypoglycemia

Sodium citrate Buffering: 0.5 g/kg BM
Hyperhydration: 2–4 g com-
bined with 15–30 ml/kg BM
fluid

1–3 hr prior to exercise Varies between individuals Gastrointestinal discomfort,
potential risk associated with
high sodium intakes

Note. β-HB = β-hydroxybutyrate; AcAc = acetoacetate; BM = body mass.

Table 1 (continued)

Category Examples Typical forms
Typical composition/
characteristics Uses during cycling

Vitamins
and
minerals

Electrolyte
supplement

Powder, tablets, or
ready to drink

0%–2% CHO
50–60 mmol/L sodium
10–20 mmol/L potassium

Replace large sodium losses during lengthy races/
training sessions
Rapid and effective rehydration following moder-
ate-large fluid and sodium deficits in races or
training sessions

Calcium Capsule/tablet Calcium carbonate/phosphate/lactate Supplement calcium in low-energy or low dairy
food diet
Prevent/treat osteopenia/osteoporosis in cyclists at
risk (under supervision)

Iron Capsule/tablet Ferrous sulfate/gluconate/fumarate Prevent/treat iron deficiency in cyclists at risk (under
supervision)
Optimize iron status before/during altitude training

Vitamin D Capsule/tablet Vitamin D3 Prevent/treat vitamin D deficiency in cyclists at risk
(under supervision)

Note. CHO = carbohydrate; DRI = daily recommended intakes. Adapted from “IOC Consensus Statement: Dietary Supplements and the High-Performance Athlete,” by
R.J. Maughan, L.M. Burke, J. Dvorak, D.E. Larson-Meyer, P. Peeling, S.M. Phillips, E.S. Rawson, N.P. Walsh, I. Garthe, H. Geyer, R. Meeusen, L.J.C. van Loon, S.M.
Shirreffs, L.L. Spriet, M. Stuart, A. Vernec, K. Currell, V.M. Ali, R.G. Budgett, : : : L. Engebretsen, 2018, British Journal of Sports Medicine, 52(7), pp. 439–455.
Copyright 2018 BMJ Publishing Group Ltd & British Association of Sport and Exercise Medicine and “The AIS Sports Supplement Framework,” by The AIS Sports
Supplement Framework, 2025. https://www.ais.gov.au/nutrition/supplements. Copyright 2025 by Australian Sports Commission.
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Spriet, 2018). By contrast, chewing gum has shown promise as it is
absorbed faster via the buccal mucosa compared with capsule
intake and gut absorption (Kamimori et al., 2002) and has been
shown to improve both fixed distance (∼30–44 km; Lane et al.,
2014; Paton et al., 2015) and fixed energy expenditure (7 kJ/kg;
Ryan et al., 2013) cycling time-trial performance by 3%–5%.
Preexercise coffee ingestion also remains popular among athletes,
but the caffeine content of coffee has been shown to be highly
variable (McCusker et al., 2003) making it difficult to ensure that
the recommended dose is actually attained. Currently, data do not
overly support the need to genotype for caffeine metabolism or
sensitivity because these factors appear to have minimal contribu-
tion to the performance-enhancing effects of caffeine (Barreto
et al., 2024; Carswell et al., 2020; Glaister et al., 2021; Muñoz
et al., 2020), and curbing habitual caffeine consumption in the days
prior to a race also appears unnecessary to optimize benefits
(Carvalho et al., 2022). Some consideration of potential undesir-
able side effects is warranted; these can include headache, agita-
tion, jitteriness, anxiety, irritability, increased blood pressure,
tachycardia and heart palpitations, insomnia, and reduced sleep
quality (Childs et al., 2008; de Souza et al., 2022; Guest et al.,
2021). Cyclists who are prone to anxiety or competing in multiday
events for which sleep disruptions need to be considered may wish
to avoid caffeine in preliminary/qualifying rounds in favor of using
it for key events/finals or maintain the lower end of recommended
doses (i.e., ∼3 mg/kg BM; Carvalho et al., 2022; Maughan et al.,
2018) and ensure that doses > 100 mg are consumed at least 12 hr
before bedtime (Gardiner et al., 2023, 2025) when subsequent sleep
is a priority. Collectively, the current evidence suggests that
caffeine is a well-supported, versatile ergogenic aid that can
improve various aspects of cycling performance across distances
and formats. However, its use should be individualized to optimize
benefits while minimizing potential side effects, particularly sub-
sequent sleep.

Creatine

The adenosine triphosphate (ATP)–phosphocreatine (PCr) system
is the most rapidly available source of ATP supply for skeletal
muscle metabolism (Hargreaves & Spriet, 2020). Within this
pathway, PCr serves to provide an inorganic phosphate molecule
for the rapid resynthesis of ATP and provides energy during
moments of intense metabolic demand such as those during
high-intensity exercise. The content of intramuscular creatine can
be maximized through several days of oral creatine ingestion
(i.e., 20 g/day for 7 days, Table 2; Harris et al., 1992), which
may lead to improved performance, particularly during single and
repeated-bout short-duration explosive and high-intensity efforts.
There is solid evidence to support the efficacy of creatine for single
and repeated cycling sprints. For example, ingesting 20 g of
creatine per day for 5 days improved mean power output (+6%)
during the first and second efforts of three maximal 30-s isokinetic
cycle sprints separated by 4 min (Birch et al., 1994) and increased
the total work done improved (+4%) during two 30-s maximal
cycle sprints also separated by 4-min rest (Casey et al., 1996).
Shorter duration repeated cycle sprints of 15 s may also be
improved with creatine (provided as 0.3 g/kg BM), though these
benefits were only apparent when sprint bouts were separated by
intervals of 1 and 3, but not 6, min (Cottrell et al., 2002).

This capacity to improve sprint performance may also be
relevant throughout prolonged cycling events (i.e., road, gravel,
and cross-country and marathon mountain bike races) or in events

for which intermediate and final sprints are contested. Indeed,
supplementation with 25 g/day for 5 days in elite cyclists improved
both peak and mean power output in 5 × 10-s sprints following a
ride to exhaustion at 4 mM lactate. Seven days of creatine
supplementation with 20 g/day also increased the time to exhaus-
tion during a graded exercise test (6%) and increased exercise
intensity at ventilatory threshold, suggesting that creatine may also
improve performance during longer aerobic efforts (Nelson et al.,
2000). Creatine may also enhance muscle glycogen storage
(Robinson et al., 1999) via an upregulation of the primary glucose
transporter GLUT4 (Ju et al., 2005) and attenuate oxidative stress
caused by exercise (Arazi et al., 2021), both of which may be of
particular interest to cyclists engaged in multiday events that
require substantial carbohydrate provision and/or have short recov-
ery periods between stages. However, although creatine (20 g/day
for 5 days) augmented glycogen stores by ∼18% in recreationally
active individuals (van Loon et al., 2004), other work failed to
detect differences in preexercise glycogen in (Tier 2–3) cyclists
supplementing with creatine or a placebo when also co-ingesting
high amounts (6–12 g/kg BM) of carbohydrate (Tomcik
et al., 2018).

A potential issue with creatine supplementation in cyclists who
rely heavily on their power-to-weight ratio (i.e., Grand Tour
general classification riders, climbing specialists, etc.) is the con-
cerns surrounding increased weight gain via water retention. We
note that, although some studies have reported as much as 2.5 kg
BM increases in extreme cases (Balsom et al., 1993; Greenhaff
et al., 1994), average increases are modest (0.5–1 kg) and likely
limited to the initial few days of supplementation (Hall & Trojian,
2013; Ziegenfuss et al., 1998). Furthermore, assessments of body
composition in Tier 2–3 male cyclists via dual-energy X-ray
absorptiometry following 5 days supplementing with 20 g of
creatine per day and 2–9 days of a 3-g/day maintenance dose
failed to show a significant increase in total or lean BM (∼1.2%
difference vs. baseline), reflecting a similar increase (1.3%) in total
body water content assessed via bioelectrical impedance spectros-
copy (Bone et al., 2017). Although these findings suggest that the
risk of significant shifts in body composition/mass are likely
overstated (Antonio et al., 2021), athletes and practitioners may
wish to monitor BM changes with longer term supplementation.
Although alternative forms exist, many have not been rigorously
investigated; and therefore, creatine monohydrate remains the most
effective form of creatine supplement for increasing muscle PCr
stores and improving performance (Antonio et al., 2021). Overall,
creatine supplementation appears to offer benefits to the perfor-
mance of exercise that involves rapid generation of high power
outputs, which are often key race-defining moments for several
cycling disciplines including track cycling (Stanley et al., 2025
in review), BMX (Haakonssen et al., 2025 in review), road
(Jeukendrup et al., 2025 in review), eSports and gravel (Whitfield
et al., 2025 in review), and mountain biking (Oosthuyse et al., 2025
in review).

Sodium Bicarbonate and Sodium Citrate

Sodium bicarbonate and sodium citrate are two supplements that
increase the bicarbonate concentration of the blood, which is con-
sidered a key component in mitigating the performance-limiting
effects of acidosis that occurs during high-intensity exercise
(McNaughton, Siegler, & Midgley, 2008). Buffering supplements
such as these are often cited as being most effective during short-
duration high-intensity exercise, but meta-analytical data suggest
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that it can also be effective for longer duration activity (de Oliveira
et al., 2022). Indeed, sodium bicarbonate has been shown to be
effective across a range of cycling times and distances. Early work
exploring the impact of 0.1–0.5 g/kg BM sodium bicarbonate doses
showed significant increases (12%–19%) in peak power generated
during a 60-s cycling ergometer test, with the highest improvement
detected at a 0.3-g/kg BM dose (McNaughton, 1992a). Conse-
quently, the minimum effective dose for sodium bicarbonate
appears to be 0.2 g/kg BM, though 0.3 g/kg BM appears most
effective (de Oliveira et al., 2022; McNaughton, 1992a) (Table 2).
Work by the same authors using this dose also demonstrated
improvements in peak power during 2- (9%) and 4-min (12%)
cycling tests (McNaughton, 1992b). Time-trial (4-km) perfor-
mance is also improved in trained cyclists (Tier 2) by ∼2%
following sodium bicarbonate ingestion (either 0.2 or 0.3 g/kg
BM, with no differences detected between doses), as average
power outputs were increased by ∼6% compared with placebo
(Gough et al., 2018). A 0.3-g/kg BM dose elicits similar perfor-
mance improvements across 16-km (∼2%) (Leach et al., 2023) and
40-km (1.4%) (Shannon et al., 2024) distances, and the total
amount of work done in a 1-hr time trial was increased by
∼14% (McNaughton, Dalton, & Palmer, 1999). Targeting supple-
mentation to key periods in a race (e.g., final sprint) may also be
effective as ingestion of 0.3 g/kg BM sodium bicarbonate as a split
dose (150 mg/kg BM prior to exercise, followed by 50 mg·kg−1

BM·hr−1 during a 3-hr cycling bout that mimicked race demands),
improved the average power output sustained during a final 90-s
sprint by ∼3% (Dalle et al., 2021). By contrast, work assessing real-
world BMX performance in members of the Spanish National team
with 15-min recovery failed to detect a difference in race perfor-
mance (3× ∼30 s races with a 15-min recovery on an outdoor BMX
track used for international competition) or peak velocity whether
supplementing with 0.3 g/kg BM sodium bicarbonate or placebo
(Peinado et al., 2019).

Although sodium citrate has received less attention as a
buffering agent, ingestion of sodium citrate effectively raises blood
bicarbonate concentrations (Urwin et al., 2019) with peak alkalo-
sis occurring ∼180–240 min postingestion (Urwin et al., 2021).
Specifically, acute ingestion of 0.5 g/kg BM sodium citrate has been
demonstrated to be most consistently ergogenic in untrained in-
dividuals for events lasting 60–240 s and very high intensity
(>100%VO2max) (Urwin et al., 2021). This includes short-duration
cycling, as sodium citrate improved peak power output in untrained
(Tier 1) individuals across 60 s (21%), 120 s (13%), and 240 s (9%)
following the ingestion of a 0.5 g/kg BM dose (McNaughton, 1990;
McNaughton & Cedaro, 1992). However, it may also improve
longer duration exercise as the time to complete a 30-km time trial
in Tier 2–3 cyclists was reduced by ∼3% (Potteiger, Nickel,
et al., 1996).

Ingestion of 0.3 or 0.5 g/kg BM of sodium bicarbonate or
sodium citrate increases blood bicarbonate concentrations between
5 and 8 mmol (Urwin et al., 2023). Although peak alkalosis
between the two supplements is similar (Potteiger, Webster,
et al., 1996; Urwin et al., 2023), this peak occurs significantly
later postingestion with sodium citrate (180–240 min) compared
with sodium bicarbonate (120–180 min) (Urwin et al., 2023). The
performance-enhancing effects of increased blood bicarbonate are
apparent for a substantial time period, and athletes can expect to
benefit from supplementation for at least between 1 and 4 hr
postsupplementation (de Oliveira et al., 2020). To the best of our
knowledge, no study has directly compared the two supplements at
the recommended dosages to assess the ergogenic effects on

cycling-specific performance. However, a recent meta-analysis has
suggested that sodium bicarbonate is more effective than sodium
citrate for improving exercise performance (de Oliveira et al.,
2022). Gastrointestinal discomfort associated with ingestion of
buffers is commonly cited as a barrier to the use of this supplement
during competition for athletes (Urwin et al., 2023); however, these
symptoms can be decreased through the use of enteric (coated)
capsules rather than solutions or via co-ingestion with carbohydrate
(Carr et al., 2011). Athletes may also consider ingesting several
smaller doses (e.g., 0.1 g/kg BM) staggered overall several hours;
however, the results of a recent meta-analysis found that a single
dose is more effective for enhancing exercise performance (de
Oliveira et al., 2022). The development of novel formulations such
as the “Maurten Bicarb System,” comprising sodium bicarbonate
minitablets ingested alongside a carbohydrate hydrogel, have also
been shown to reduce the severity of these side effects (Gough &
Sparks, 2024) while maintaining the performance-enhancing
capacity (Shannon et al., 2024).

In summary, sodium bicarbonate, and to a lesser extent sodium
citrate, can improve cycling performance across a range of dura-
tions by buffering exercise-induced acidosis, suggesting efficacy
across a range of cycling disciplines in which both intermittent and
sustained high power outputs are required. Practical use may
require strategies like enteric capsules or co-ingestion with carbo-
hydrates to reduce common gastrointestinal discomfort. Although
we are unaware of any adverse effects associated with chronic
loading at doses ranging from 0.3 to 0.5 mg/kg BM over 5 days
(Douroudos et al., 2006; McNaughton, Backx, et al., 1999) or
0.4 mg/kg BM three times per week for 8 weeks (Edge et al., 2006),
practitioners should carefully monitor blood responses (e.g., acid-
base and sodium content) for the safety of the athlete if repeated
doses are taken given the relatively high sodium load (∼0.274 g
sodium/g sodium bicarbonate or ∼0.235 g sodium/g trisodium
citrate).

Beta-Alanine

Chronic BA supplementation has gained considerable attention in
sport nutrition, with particular interest for cycling. BA, an amino
acid, is the rate-limiting precursor for increasing the concentration
of carnosine in skeletal muscle (Boldyrev, 1993). Indeed, Harris
et al. (2006) and Hill et al. (2007) demonstrated that the chronic
ingestion of BA (6.4 g/day) for 4–10 weeks can substantially
elevate muscle carnosine stores by 50%–80%. Smaller doses
(i.e., 3.2 g/day) can also increase muscle carnosine content
(∼37%–50%), but this typically requires a longer supplementation
period to fully saturate the muscle (Stegen et al., 2013). In contrast
to sodium bicarbonate, which buffers pH in blood (i.e., an extra-
cellular buffer), carnosine counteracts H+ accumulation within
skeletal muscle (i.e., an intracellular buffer) during high-intensity
exercise and therefore can improve performance during exercises
for which acidosis may negatively impact performance (Hill
et al., 2007).

Studies evaluating the ergogenic potential of BA supplemen-
tation in cycling suggest efficacy for exercise with a duration of
1–10 min (Saunders, de Oliveira, et al., 2017). Although carnosine
loading can attenuate acidosis during a 6-min high-intensity cycl-
ing test, BA is probably not ergogenic in aerobic constant-load
exercise of longer duration, such as a time trial of about 1 hr
duration (Chung et al., 2014). However, in laboratory-based studies
simulating a cycling race of several hours concluding with a high-
intensity finale (e.g., either a final sprint or a 4-km time trial), BA
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supplementation has demonstrated mixed results, with some
(Van Thienen et al., 2009) but not others (Perim et al., 2022)
showing a positive effect on performance. Repeated high-intensity
sprints, such as 30-s Wingate tests, with incomplete recovery may
also be augmented by enhanced carnosine content via BA loading
(de Salles Painelli et al., 2014).

Critically, the ergogenic effect of BA supplementation has also
been investigated and confirmed in well-trained cyclists (i.e., Tier
2–3, amateur, semiprofessional) with maximum aerobic capacity
(V̇O2max) in the range of 60–70 ml·kg−1·min−1 (Howe et al., 2013;
Bellinger & Minahan, 2016). Specifically, BA supplementation
improved performance compared with placebo during both a
supramaximal time to exhaustion test (8%) and a 4-km time trial
(∼2%), whereas 10-km time-trial performance (Bellinger &
Minahan, 2016) and mean power output during a 4-min time trial
(Howe et al., 2013) were not different. Interestingly, the time to
complete an uphill time trial (4.5 km at 5% gradient) was also
improved (3%) in professional (World Tour, Tier 4+) cyclists
supplementing with BA for only 7 days, with no change in mean
power output (Pérez-Piñero et al., 2024). Common side effects
include paresthesia (tingling) of the skin (Harris et al., 2006);
however, this can be avoided by using smaller, more frequent doses
throughout the day (Derave et al., 2007; Hill et al., 2007) or by
using slow-release capsules (Stellingwerff et al., 2012). Critically,
current evidence suggests that long-term (24 weeks) supplementa-
tion with 6.4 g/day BA is well-tolerated and safe and did not result
in any adverse clinical outcomes or chronic sensory effects (Dolan,
Swinton, et al., 2019; Saunders et al., 2020). Collectively, the
evidence indicates that BA can augment skeletal muscle carnosine
levels, delaying fatigue during high-intensity efforts in cycling,
making it a useful tool for events with decisive short, intense
segments.

Dietary Inorganic Nitrate

Nitric oxide (NO) is a potent signaling molecule that exerts a
variety of regulatory effects across different biological systems.
NO can be produced endogenously via oxidation of L-arginine
(Moncada &Higgs, 1993) or via the sequential reduction of dietary
inorganic nitrate (NO3

–) and nitrite (NO2
–) consumed through food

stuffs including dark leafy green vegetables, which contain
∼4 mmol NO3

– per 100 g (Hord et al., 2009). The conversion
of nitrate to nitrite is facilitated by commensal bacteria in the oral
cavity, which may be affected by the use of antibacterial agents
such as mouthwash (Govoni et al., 2008). More recently, it has
been demonstrated that skeletal muscle has a higher nitrate con-
centration than blood (Jones et al., 2021), suggesting that this
reservoir may play an important role in the localized production
and utilization of NO during exercise (Nyakayiru et al., 2017;
Wylie et al., 2019). Interest in the use of nitrates as supplements
to improve athletic performance stems from early work showing
that supplementation with either sodium NO3

– (0.1 mmol·kg
BM−1·day−1) (Larsen et al., 2007) or nitrate-rich beetroot juice
(5.6 mmol/day NO3

–) (Bailey et al., 2009) for 3 days resulted in a
3%–5% reduction in pulmonary oxygen consumption (V̇O2) for a
given power output during submaximal cycling. Critically, this
suggests that nitrate allows for a greater amount of external work to
be done per unit of time for the same absolute oxygen cost.
Although it was initially believed that this increase in exercise
efficiency was driven by improved mitochondrial efficiency
(i.e., an increase in the amount of ATP relative to the amount
of oxygen consumed) (Larsen et al., 2011), this has not been

replicated in subsequent studies (Ntessalen et al., 2020; Whitfield
et al., 2016). Nitrate supplementation may instead target actomyo-
sin ATPases and the sarcoendoplasmic reticulum calcium ATPase,
the two largest sources of energy consumption during exercise. In
support of this, several studies have demonstrated an improvement
in skeletal muscle contractile function following acute (Coggan
et al., 2015; Wickham et al., 2019) and chronic nitrate supplemen-
tation (Haider & Folland, 2014; Whitfield et al., 2017; Wickham
et al., 2019), while energy (ATP and PCr) turnover during leg
extension exercise has also been shown to be lower after consum-
ing beetroot juice for 6 days (5.1 mmol/day) (Bailey et al., 2010).
These effects are proposed to be mediated by changes in skeletal
muscle calcium handling and/or sensitivity (Coggan & Peterson,
2018; McIlvenna et al., 2020); however, more work is required to
confirm this hypothesis.

Several meta-analyses have confirmed that nitrate supplemen-
tation can improve endurance exercise performance (McMahon
et al., 2017; Pawlak-Chaouch et al., 2016; Senefeld et al., 2020),
with typical doses of ∼6 mmol being consumed in the 2–3 hr prior
to exercise (Table 2). The improvement in exercise efficiency
(i.e., increased power output or work for the same oxygen cost)
makes nitrate an attractive supplement for most disciplines in
cycling relying on aerobic capacity (i.e., road, endurance track,
mountain biking, cyclo-cross, etc.). Equally, the possibility of
improving calcium handling and contractile function suggests that
other more explosive disciplines (e.g., BMX [Haakonssen et al.,
2025 in review], sprint track [Stanley et al., 2025 in review], etc.)
requiring rapid production of very high power outputs also stand to
benefit. However, questions have been raised about whether it is a
viable ergogenic aid for elite athletes (Jonvik et al., 2015). This
concern is supported by a recent meta-analysis showing no ergo-
genic effect for individuals with a V̇O2max ≥ 65 ml·kg−1·min−1

(Senefeld et al., 2020) and a dose–response relationship based on
aerobic fitness (Porcelli et al., 2015). This finding may be due to
higher endogenous nitrate levels among elite athletes in combina-
tion with chronic adaptations induced by training. Future work is
required to determine if higher doses (e.g., 8.4–16.8 mmol) of
nitrate or longer supplementation periods (e.g., 5–15 days) create
benefits in elite athletes. Female athletes may have different
responses to nitrate supplementation compared with males
(Wickham & Spriet, 2019). Although studies of nitrate supplemen-
tation in females are limited, the current literature fails to support an
overall positive effect on performance in females (Senefeld et al.,
2020). In summary, nitrate supplementation can improve cycling
performance by improving skeletal muscle efficiency and function.
Questions remain about its efficacy among elite athletes, suggest-
ing it may be a more beneficial among developing athletes or
subelite athletes (i.e., ≤Tier 3). Additional research is also required
to determine its effectiveness in female athletes. Practical chal-
lenges like poor taste and interference from the use of antibacterial
mouthwash should be considered.

Hyperhydration and Cycling Performance

Significant fluid loss through sweating (i.e., dehydration) imposes
thermoregulatory and cardiovascular strain, potentially impairing
cycling performance and increasing the risk of heat-related ill-
nesses (Cheuvront & Kenefick, 2014). However, inducing water
retention (also known as hyperhydration) prior to exercise through
the use of nutritional supplements, such as glycerol (Anderson
et al., 2001) and sodium loading (Nelson et al., 2008), can increase
total body water content. This includes an expansion of plasma
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volume (hypervolemia), which can offset some of the fluid lost as
sweat loss that cannot be compensated by fluid intake during
exercise (Goulet et al., 2018). Consuming large amounts of water
alone prior to exercise is ineffective for inducing hyperhydration as
it reduces serum osmolality, suppresses vasopressin release, and
ultimately leads to the rapid elimination of excess water through
urine (Viinamäki, 1990).

Recent meta-analyses suggest that preexercise hyperhydration
reduces heart rate and core temperature during constant-intensity
exercise (Jardine et al., 2023) and elicits a small to moderate
improvement in cycling performance in both time trials and
time-to-exhaustion activities (Jardine et al., 2023; McCubbin &
Irwin, 2024), particularly when performed in the heat (Anderson
et al., 2001; Morris et al., 2015). As such, this may be a valuable
approach for endurance-based UCI events such as road cycling
(Jeukendrup et al., 2025 in review), mountain biking (Oosthuyse et
al., 2025 in review), and gravel racing (Whitfield et al., 2025 in
review), but is less advisable for shorter endurance events
(i.e., <1 hr) or those performed in cooler or thermoneutral condi-
tions as the benefits are likely to be of lower magnitude in these
scenarios. However, these effects vary depending on the agent
used, with glycerol promoting both intra- and extracellular fluid
retention and sodium loading predominantly enhancing extracel-
lular and hypervolemia (McCubbin & Irwin, 2024).

Glycerol is a three-carbon alcohol absorbed in the gastroin-
testinal tract and distributed across intra- and extracellular com-
partments, creating an osmotic gradient that promotes fluid
retention and reduced urine production (Anderson et al., 2001).
Glycerol was banned by the World Anti-Doping Agency (WADA)
in 2010 due to potential risks associated with masking blood
doping; however, it was removed from the prohibited list in
2018 and now has a robust body of evidence supporting its efficacy
(Goulet et al., 2007; Jardine et al., 2023;McCubbin & Irwin, 2024).
Systematic reviews and meta-analysis have found that ingestion of
1.0–1.5 g/kg BM of glycerol in combination with a fluid load
(∼25 ml/kg BM, equivalent to 2.5% of BM) (Table 2) can increase
fluid retention by ∼40% (Goulet et al., 2018) and improve cycling
performance by ∼2%–5% (Goulet et al., 2007; Jardine et al., 2023;
van Rosendal et al., 2009) by promoting higher cycling power
output without an associated increase in perception of effort
(Hitchins et al., 1999). However, excessive doses of glycerol
during hyperhydration may cause side effects including gastroin-
testinal issues such as bloating and nausea (Jardine et al., 2023),
highlighting the need for individual tolerance assessment and
adherence to recommended protocols. Considerations should also
be made with respect to an increase in BM and what impact that
may have on power-to-weight ratios and race outcomes.

Sodium chloride and sodium citrate are also effective at
inducing preexercise hyperhydration due to their ability to promote
fluid retention by increasing extracellular osmolality (Morris et al.,
2015; Nelson et al., 2008). Consuming these salts in capsule form
(3–8 g of sodium chloride or 2–4 g of sodium citrate, Table 2) with
a large volume of water has been shown to enhance fluid retention
and maintain electrolyte balance. Alternatively, athletes may con-
sume salted drinks (∼10 ml/kg BM of 120–180 mEq of sodium
drink), although consuming high volumes can be challenging due
to the taste of the drink (Pérez-Castillo et al., 2023). Sodium-
induced hyperhydration has been demonstrated to improve cycling
performance, especially in the heat (Morris et al., 2015; Sims et al.,
2007), by sustaining plasma volume, reducing core temperature
increases, and mitigating dehydration-induced fatigue. However,
excessive sodium loading can lead to gastrointestinal discomfort,

increased thirst, and, in extreme cases, hypernatremia. It is noted
that sodium load involved in sodium bicarbonate/citrate supple-
mentation is similar to the amount used as an osmolyte in hyper-
hydration strategies (Siegler et al., 2022). Therefore, in some
scenarios, riders could combine hyperhydration and buffering
strategies (outlined above) as long as the desired timing of the
dosing protocol for each strategy coincided. The combination of
glycerol and sodium hyperhydration merits further investigation as
this may result in greater fluid retention (>70%; Goulet et al.,
2018). In summary, for cyclists competing in long, high-intensity
events, strategic preexercise hyperhydration using glycerol or
sodium salts can help sustain plasma volume, reduce thermal
strain, and improve performance, particularly in hot conditions.
However, due to their mechanisms of action, these substances can
commonly cause gastrointestinal discomfort and may be associated
with an increase in BM, so protocols should be individualized to
optimize benefits while minimizing side effects.

Exogenous Ketone Supplements

Ketone bodies (KBs) are lipid-derived compounds including
β-hydroxybutyrate (β-HB) and acetoacetate that are produced en-
dogenously by the liver and whose production is amplified during
periods of energy and/or carbohydrate restriction (e.g., prolonged
fasting or adherence to a low-carbohydrate diet). Nutritional
ketosis is typically defined as circulating [β-HB] ≥0.5 mM
(Volek et al., 2015). Recently, ingestible supplements in the form
of ketone salts and esters (including mono- and diesters) have been
developed to exploit the metabolic effects of ketosis in the absence
of severe energy and carbohydrate restriction. Although exogenous
ketone supplements are currently classified as “Group B” in the
AIS Framework (i.e., requiring additional research), they have been
the subject of much interest in the past decade (Evans et al., 2022)
and have been the source of considerable discussion and contro-
versy in professional cycling, leading the Movement for a Credible
Cycling to recommend that its members in professional sport avoid
using them because of concerns about health and fairness
(Debruyne, 2024). As a result, they are discussed in detail here,
with key studies exploring ketone use in cycling highlighted in
Table 3.

Ketone salts are typically a mixture of the two naturally
occurring forms of beta-hydroxybutyrate (D-β-HB and L-β-HB),
bound to mineral salt(s) such as calcium, sodium, or potassium
(Evans et al., 2022). This form of exogenous ketone supplement is
less effective at increasing D-β-HB (Stubbs et al., 2017), the
predominant KB that is metabolized by extrahepatic tissues includ-
ing skeletal muscle (Rijt et al., 2021; Tsai et al., 2006). Ketone salts
have been associated with side effects including nausea and
gastrointestinal upset (Evans et al., 2018; Stubbs et al., 2019).
By contrast, ketone esters are salt-free and generally well-tolerated
and induce a rapid (minutes to hours) dose-responsive increase in
D-β-HB following ingestion (Clarke et al., 2012; Cox et al., 2016;
Shivva et al., 2016; Stubbs et al., 2017). The majority of research
on exercise performance and metabolism has focused on the ketone
monoester (R)-3-hydroxybutyl (R)-3-hydroxybutyrate (KME),
which is produced by the esterification of D-β-HB and a ketogenic
precursor known as R-1,3-butanediol. Indeed, the R-1,3-butanediol
molecule in isolation is also commercially available as an exoge-
nous ketone supplement, but to date it has been shown to have little
impact on cycling performance (Shaw et al., 2019).

Because of the multiple actions of KBs and the marked effects
of nutritional ketosis on metabolism (Poff et al., 2020; Puchalska &
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Table 3 Summary of Studies of Acute Ingestion of Exogenous Ketone Supplements onCycling Performance in
Trained Athletes

Author Participant profile
Exercise protocol and
performance test

Supplement type, dose, timing
and conditions Performance outcome

Shaw et al.
(2019)

Nine male cyclists
Hours training per week,
12.3 ± 2.3 hr
V̇O2max,
63.9 ± 2.5 ml·kg−1·min−1

85-min cycling
(85% VT2; 73.0 ± 5.2%
V̇O2max)
7 kJ/kg TT

BD
BD: 0.7 g/kg BD
PLA: Noncaloric placebo
Split (50:50; −30 min preexercise and
60 min into exercise)

No significant difference between
PLA and BD
Time to complete (min):
BD: 28.7 ± 3.2
PLA: 28.5 ± 3.6

Rodger et al.
(2017)

12 male cyclists
Professional, A or
B-grade cyclists
V̇O2max,
68.0 ± 6.7 ml·kg−1·min−1

90-min cycling
(80% VT2)
4-min maximal perfor-
mance cycling test

KS
KS: 23.4 g R,S-βHB
PLA: Noncaloric placebo
Split (50:50; −20 min preexercise,
45 min into exercise)

No significant difference between
PLA and KS
Average power output (W):
KS: 355 ± 46
PLA: 364 ± 58

Cox et al.
(2016)

Eight endurance athletes
(six males, two females)
V̇O2max, M:
5.37 ± 0.3 L/min; F:
3.30 ± 0.1 L/min

60-min cycling
(75% Wmax)
30-min cycling TT
(max distance)

R-BD R-βHB KME
KME: 573 mg/kg KME (40% of total
energy intake) + 1.2 g/min CHO
PLA: Isocaloric CHO as 40% dextrose,
40% fructose, 20% maltodextrin
Multiple (50:25:25, −20 min preexer-
cise, 30 and 60 min into exercise)

↑ performance in KME vs. PLA
Distance covered (m):
∼20,000 m in PLA, but
411 ± 162 m (mean ± SEM) fur-
ther* in KME

Leckey et al.
(2017)

10 male cyclists, inter-
nationally competitive
V̇O2max,
71.4 ± 5.6 ml·kg−1·min−1

4 × 5 min cycling as stan-
dardized warm-up
31.17-km cycling TT

R,S-BD AcAc
KDE: 500 mg/kg KDE + 250 ml 6%
CHO drink
PLA: 250 ml 6% CHO drink
Split (50:50; −30 and −5 min
preexercise)

↓ performance in KDE vs. PLA
Average power output (W)
KDE: 339 ± 37*
PLA: 352 ± 35
ES: 0.42 (small)

Dearlove
et al. (2019)

12 healthy athletes (nine
males, three females)
Minimum 6 hr endurance
training per week
V̇O2max, 4.4 ± 0.2 L/
min

Incremental cycling test to
exhaustion

R-BD R-βHB KME
KME: 330 mg/kg KME
PLA: Noncaloric placebo
Single (−60 min preexercise)

No significant difference between
PLA and KME
Peak power output (W)
KME: 393 ± 22
PLA: 389 ± 20

12 highly trained male
cyclists
V̇O2max,
62.4 ± 6.6 ml·kg−1·min−1

180-min cycling
(6 × 30 min blocks at
varying intensities)
15-min cycling TT fol-
lowed by sprint cycle to
exhaustion (175% LT W)

R-BD R-βHB KME
KME: 65 g (918 ± 102 mg/kg
KME) + 60 g/hr CHO
PLA: Taste- and volume-matched
CP + 60 g·hr CHO
Multiple (25/20/20 g; −60 and −20 min
preexercise, 30 min into exercise)

No significant difference between
PLA and KME
Average power output (W) in TT:
KME: 273 ± 38
PLA: 272 ± 37
TTE in sprint (s):
KME: 59 ± 16
PLA: 58 ± 17

Poffé, Ra-
maekers,
et al. (2021)

Nine trained male
cyclists
V̇O2max,
61.0 ± 2.9 ml·kg−1·min−1

180-min cycling
(6 × 30 min blocks at
varying intensities)
15-min cycling TT fol-
lowed by sprint cycle to
exhaustion (175% LT W)

R-BD R-βHB KME
KME: 65 g (922 ± 85 mg/kg)
KME + 60 g/hr CHO
BIC: Taste- and volume-matched
CP + 60 g/hr CHO + 300 mg/kg BIC
KME +BIC: as above, combined
PLA: Taste- and volume-matched
CP + 60 g/hr CHO
Multiple (25/20/20 g; −60 and −20 min
preexercise, 30 min into exercise)

↑ performance in KME +BIC for
average power output, but not
TTE in sprint
Average power output (W) in TT:
∼5% (∼12 W) higher* in KME +
BIC compared with PLA, KME,
and BIC (all ∼254 W)
ES: 0.77–1.01 (medium-large)
TTE (s) in sprint:
KME: 55 ± 19
BIC: 58 ± 19
KME +BIC: 58 + 21
PLA: 55 ± 21

Poffé, Wyns,
et al. (2021)

12 highly trained, male
cyclists
V̇O2max,
62.5 ± 5.5 ml·kg−1·min−1

60-min standardized
warm-up
30-min cycling TT fol-
lowed by sprint cycle to
exhaustion (175% LT W)

R-BD R-βHB KME
KME: 50 g KME (726 ± 75 mg/
kg) + 60 g/hr CHO
BIC: Taste- and volume-matched
CP + 60 g/hr CHO + 180 mg/kg BIC
KME +BIC: as above, combined
PLA: Taste- and volume-matched
CP + 60 g/hr CHO
Split (50:50; during warm-up as −30 and
−5 min pre-TT)

↓ performance in KME
Average power output in TT:
3.8 ± 1.5 W lower* in KME and
KME +BIC than BIC and PLA
ES: 0.13 (small)
TTE in sprint not different
between KME and PLA, but was
5 ± 1 s longer* in BIC and
KME +BIC (∼69 s) than KME
and PLA (∼64 s)
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Crawford, 2021), exogenous ketone supplements may be em-
ployed as an ergogenic aid in cycling through preexercise ingestion
to improve exercise acutely or through ingestion after exercise to
enhance subsequent recovery and/or adaptation (Evans et al.,
2022). Three interrelated mechanisms have been proposed for the
putative ergogenic action of KBs: they may provide an alternative
metabolic fuel or substrate for working muscle (Cox et al., 2016)
with increased efficiency of ATP production when oxidized
(Murray et al., 2016; Sato et al., 1995; Veech, 2014) and, therefore,
reduce reliance on carbohydrate utilization during exercise (re-
viewed in Evans et al., 2022). However, more recent work utilizing
a bespoke 13C-labeled ketone ester tracer demonstrated that the
contribution of β-HB to overall exercise energy expenditure is

minimal (2%–5%; Dearlove et al., 2021). Mechanistic work in
human muscle fiber bundles has supported this finding by showing
minimal mitochondrial utilization of KBs to produce energy
compared with carbohydrate-derived substrates (Petrick et al.,
2020). The effects of ingestion of the KME on muscle glycogen
or intramuscular triglyceride utilization during exercise are also
inconsistent (Cox et al., 2016; Poffé et al., 2020).

Studies evaluating changes in cycling-specific performance
following the ingestion of ketones have largely been mixed
(Table 3). The first study of the KME on performance demonstrated
a 2% improvement in a 30-min time-trial performed after a 60-min
preload (Cox et al., 2016). Subsequent work combining the KME
with sodium bicarbonate has yielded some positive results on acute

Table 3 (continued)

Author Participant profile
Exercise protocol and
performance test

Supplement type, dose, timing
and conditions Performance outcome

Poffé, Rob-
berechts,
et al. (2021)

14 highly trained male
cyclists
V̇O2max,
64.6 ± 6.6 ml·kg−1·min−1

180-min cycling
(6 × 30 min blocks at
varying intensities)
15-min cycling TT fol-
lowed by sprint cycle to
exhaustion (175% LT W)
Trials performed in hypo-
baric altitude
Hypobaric altitude began
increasing at start of exer-
cise, peaked at 3,000 m at
150 min into exercise

R-BD R-βHB KME
KME: 75 g (1,019 ± 111 mg/kg
KME) + 60 g/hr CHO
BIC: Taste- and volume-matched
CP + 60 g/hr CHO + 300 mg/kg BIC
KME +BIC: as above, combined
PLA: Taste- and volume-matched
CP + 60 g/hr CHO
Multiple (25/25/25 g; 30, 90, and
150 min into exercise)

No significant difference between
conditions
Average power output (W) in TT:
KME: 248 ± 21
BIC: 248 ± 21
KME +BIC: 249 + 25
PLA: 246 ± 26
TTE in sprint not different
between conditions

McCarthy
et al. (2021)

19 endurance-trained
individuals (10 males,
nine females)
Endurance training ≥3
times per week
V̇O2max, M
61 ± 7 ml·kg−1·min−1;
F 53 ± 6 ml·kg−1·min−1

30-min cycling at VT
(71 ± 3% V̇O2max) fol-
lowed by 15-min rest prior
to a 3 kJ/kg cycling TT

R-BD R-βHB KME
KME: 600 mg/kg KME + 25 g sports
drink powder
PLA: Flavor-matched PLA + 25 g sports
drink powder
Single (−35 min preexercise)

No significant difference between
KME and PLA
Average power output (W),
median (IQR):
KME: 196 (176–295)
PLA: 201 (174–279)
Time to compete (min:s):
KME: 16:25 ± 2:50
PLA: 16:06 ± 2:40

Robberechts
et al. (2022)

11 well-trained male cy-
clists
V̇O2max,
60.2 ± 5.6 ml·kg−1·min−1

180-min cycling
(6 × 30 min blocks at
varying intensities)
15-min cycling TT fol-
lowed by sprint cycle to
exhaustion (175% LT W)
Trials performed in 28 °C
and 60% relative humidity

R-BD R-βHB KME
KME: 65 g (892 ± 94 mg/kg
KME) + 60 g/hr CHO
PLA: Taste- and volume-matched
CP + 60 g/hr CHO
Multiple (25/20/20 g; −60 and −20 min
before exercise, and 30 min into
exercise)

No significant difference between
KME and PLA
Average power output (W) in TT:
KME: 297 ± 38
PLA: 297 ± 40
TTE in sprint:
KME: 54 ± 11 s
PLA: 53 ± 12 s

McCarthy
et al. (2023)

23 trained cyclists (21
males and two females)
V̇O2max,
65 ± 12 ml·kg−1·min−1

15-min self-directed
warm-up followed by 20-
min cycling TT

R-BD R-βHB KME
KME: 350 mg/kg KME
PLA: Flavor-matched isocaloric
Single (−30 min preexercise)

↓ performance in KME vs. PLA
Average power output (W) in TT:
2.4% (0.6%–4.1%) lower*
KME: 255 ± 54 W
PLA: 261 ± 54 W
ES: 0.60 (medium)

Ramos-
Campo et al.
(2023)

28 male World Tour
cyclists
V̇O2max,
70.8 ± 0.7 ml·kg−1·min−1

Road cycling simulation
composed of 8-min TT
performance + 30 s TT
followed by 4.5 hr of out-
door cycling
8-min TT + 30 s TT

R-BD R-βHB KME
KME: 800 mg/kg KME + 90 g/hr CHO
PLA: Taste- and volume-
matched + 90 g/hr CHO
BIC consumed in both conditions
Split (50:50; −30 min preexercise and
+90 min after starting exercise)

↑ performance in KME vs. PLA
Average power output was 3.1%
higher* during the first 8-min TT
with KME (389 ± 34 vs.
378 ± 44 W; 5.60 ± 0.42 vs.
5.41 ± 0.44 W/kg)

Note.All data are mean ± SD unless otherwise stated. ES are calculated as Cohen’s d. Bolded text is the supplement type. BD = 1,3-butanediol; BIC = sodium bicarbonate;
CHO = carbohydrate; CP = collagen peptides; ES = effect size; IQR = interquartile range; KDE =R,S-BD AcAc ketone diester; KS = ketone salts; KME =R-BD R-βHB
ketone monoester; R-BD R-βHB = (R)-3-hydroxybutyl (R)-3-hydroxybutyrate; R,S-BD AcAc =R,S-1,3-butanediol acetoacetate; LT = lactate threshold; PLA = placebo
condition; SEM = standard error of the mean; TT = time trial; TTE = time to exhaustion; V̇O2max =maximum rate of oxygen uptake; VT = ventilatory threshold.
*p < .05 for the exogenous ketone supplement compared with PLA or control condition.
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performance, including a 5% improvement in 15-min time trial
conducted after 3 hr of race simulation (Poffé, Ramaekers, et al.,
2021) and a ∼3% improvement in mean power output during a 8-
min time trial performed by World Tour (i.e., Tier 4–5) cyclists
(Ramos-Campo et al., 2023). However, many studies have
observed null effects, and decrements in time-trial performance
have also been observed. Ingestion of a R,S-BD acetoacetate
ketone diester decreased time-trial performance in elite (Tier 4–
5) cyclists by ∼2% (Leckey et al., 2017), and the average power
output following supplementation with KME was 2.4% and 1.5%
lower during 20 (McCarthy et al., 2023) and 30 min (Poffé, Wyns,
et al., 2021) time trials, respectively (Table 3). As a result, there is
currently not a strong evidence base to support the use of ketone
esters to acutely improve same-day performance.

In contrast to exercise performance, there is a growing body of
literature exploring the effects of exogenous ketone supplements
on recovery and adaptative responses to exercise (Robberechts &
Poffé, 2024). Although the effects of KME ingestion on postexer-
cise glycogen resynthesis are mixed (Holdsworth et al., 2017;
Vandoorne et al., 2017), augmenting postexercise KB concentra-
tions may increase the cell signaling responses associated with
muscle protein synthesis (Vandoorne et al., 2017). Recent work
directly comparing muscle protein synthesis responses in a fasted,
resting state following the ingestion KME (∼25 g), whey protein
(10 g), or a combination of the two showed that all three treatments
increased protein synthesis above basal levels, but no difference
was detected between treatments (Hannaian et al., 2024). Future
work is therefore required to explore how exercise impacts these
results in order to translate the findings for athletes.

Another emerging area of interest is the impact of KBs on
erythropoietin, a hormone that plays a central role in the production
of red blood cells and oxygen-carrying capacity, which is highly
relevant for cycling performance. Two recent studies have dem-
onstrated that acute ingestion of the KME after exercise resulted in
a ∼20%–25% increase in serum erythropoietin concentrations over
4 (Evans et al., 2023) and 12 hr (Poffé et al., 2023). Daily KME
ingestion during a 3-week endurance cycling overload mimicking a
Grand Tour has also been suggested to blunt the development of
overreaching symptoms and augment time-trial performance
(Poffé et al., 2019), with a follow-up analysis also showing
increased markers of angiogenesis in response to the training
intervention (Poffé et al., 2023). However, some concern has been
expressed over the interpretation of these findings (Bellinger, 2019;
Korevaar et al., 2019; Mullie & Autier, 2019) as the group
supplementing with ketones spontaneously increased their daily
energy intake by ∼20%, largely due to greater amounts of daily
carbohydrate intake (+25.5% vs. baseline intake at Week 2
and +29.9% at Week 3). As such, it is currently unclear whether
the blunting of overtraining symptoms demonstrated (Poffé et al.,
2019) was due to ketone ingestion or simply due to an overall
increase in energy and carbohydrate intake, which itself would be
expected to support a higher training load and performance.
Regardless, given the potential issues with low energy availability
in cyclists (Burke, Gonzalez et al., 2025), longer term studies with
dietary control are required to determine how exogenous ketone
supplements may regulate appetite and energy intake in cyclists
(Stubbs et al., 2018), whether the small transient increases in
erythropoietin translate to increases in hemoglobin and hematocrit
concentrations, and whether postexercise ingestion of exogenous
ketone supplements has any impact on recovery and adaptation to
exercise training. In summary, the current evidence does not
support the widespread use of exogenous ketone supplements to

improve same-day performance. Further research is needed to
clarify their long-term impact, especially in the context of energy
availability, recovery, and elite competition.

Contemporary Applications for
Supplements to Improve Performance in

Cycling

Many of the performance supplements considered to be evidence
based have been utilized by athletes for decades. However, in many
instances, research studies evaluating their effect(s) have failed to
recognize the complexity and specificity of the demands of high-
performance cycling. There is therefore a need for further research
as well as case-study observations of real-world applications of
performance supplements in cycling. These include consideration
of the format of many cycling events, different responses across
cohorts of cyclists (e.g., based on biological sex, training level, and/
or age), the interaction between supplements when taken simulta-
neously, and the use of supplements for training adaptation and
recovery in addition to their effects on race performance. For
example, given the multitude of supplements marketed toward
athletes promising beneficial effects for performance, it is perhaps
unsurprising that cyclists may elect to co-ingest multiple supple-
ments in the hopes of synergistic or additive effects. Although the
list of possible combinations and dosing strategies prevents us from
exploring all possible applications (for a review, see Burke, 2017;
Zart & Fröhlich, 2025), athletes should consider targeted ap-
proaches combining supplements with a potential common mech-
anism of action (e.g., better maintenance of pH balance when
sodium bicarbonate and BA are combined), potentially additive
effects of two separate mechanisms of benefit (e.g., combination of
caffeine and nitrate), and positive synergistic effects (e.g., sodium
bicarbonate countering the acidification associated with exogenous
ketone supplementation as outlined above). Conversely, athletes
may need to consider the possibility of negative synergistic effects
(e.g., sodium bicarbonate buffering of extracellular pH reducing
the conversion of nitrate to NO and limiting the potential effects
of nitrate supplementation) and overall negative effects (e.g.,
gastrointestinal distress with the combined use of caffeine and
sodium bicarbonate). Table 4 summarizes our understanding of
these more nuanced issues.

Pros and Cons of the Use of Sports Foods
and Supplements

The popularity of use of sports foods and supplements among
cyclists is supported by the benefits that may occur through
effective delivery of nutrient and energy targets as well as, in a
few cases, direct ergogenic effects. However, a number of concerns
and limitations around their use have also been identified (Burke &
Slater, 2021). Table 5 summarizes such pros and cons, with a focus
on common scenarios that arise among the cycling disciplines.
Safety and the financial burden are key issues among the potential
downsides of sports foods and supplements. For example, in some
cycling disciplines, the number of hours spent on the bike in
training and racing each year would create a substantial bill if
fueled entirely by sports foods/drinks. Therefore, many cyclists
include everyday foods (e.g., sandwiches, fruit, cakes, confection-
ary, etc.) within training rides to reduce cost (and flavor fatigue)
and limit their use of more expensive sports foods to race scenarios.
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Table 4 Contemporary Issues in Use of Evidence-Based Performance Supplements in Cycling

Issue Context Recommendations and examples

Concurrent use of
multiple supplements

• Some studies evaluating the combined use of supplements with
highly trained cyclists and cycling-specific protocols exist
(Bellinger et al., 2012; Lane et al., 2014); however, there are
countless permutations of different combinations of supple-
ments and dosing strategies.

• Accordingly, not all strategies have been robustly evaluated,
meaning there is not large cohort-based data sets to draw
conclusions from.

• Difficulty in isolating effects in n = 1 individual
experimentation.

• More research is needed on the effects of the
combined use of evidence-based performance
supplements and cycling-specific scenarios.

• A Latin squares application of treatments in a
crossover-designed study can provide a robust
and practical framework for investigating the
single and combined effect of two acutely
administered products (Burke & Peeling, 2018).

• Simultaneous use of several performance sup-
plements within a cyclist’s nutrition plan may be
practically managed using single case and small
group observations, with intuition and experi-
ence also guiding the process (Burke, 2017).

• In some instances (e.g., resource issues or
scheduling difficulties), combined use of sup-
plements may not be possible. Priority should be
given to the product that is likely to achieve the
greatest or most consistent performance benefit.

Repeated use of supplements
for rounds and multiple events

• While many cycling events involve repeated competition
(e.g., road cycling stage races, rounds in track cycling and
BMX or components of multievent cycling eSports competi-
tion), the current literature on consuming multiple doses of
supplements in cycling is very sparse.

• Performance responses may therefore be dictated by overall
race scheduling, as repeated doses may be needed to maintain
or repeat the benefits.

• Depending on the half-life of the supplement, its subsequent
use might require a different protocol to restore the physio-
logical advantage or to meet the logistical requirements of
competition spacing.

• Individuals should consider whether repeated/habitual use may
lead to desensitization and therefore decreased effectiveness of
the supplement, as well as what subsequent impact this may
have on recovery (e.g., the effects of caffeine on subsequent
sleep).

• Different dosing strategies may be required ac-
cording to the characteristics of the event and the
recovery time between races.

• Sodium bicarbonate ingestion prior to exercise
may prove beneficial for enhancing performance
across multiple bouts of exercise when the
recovery period is short (i.e., <60 min). Addi-
tional ingestion postexercise may accelerate the
acid–base recovery process, thereby enhancing
subsequent performance (Gurton et al., 2024).

• Evidence from other sports that the performance
benefits of caffeine is maintained when it is used
on sequential days of competition (Stadheim
et al., 2014).

•While further research is encouraged, single case
and small group observations during training or
lower level/simulated racing may help to develop
successful plan.

•When there is doubt, it may be prudent to save or
target the use of a performance supplement to the
final or most important race.

Strategic use of supplements
within a long event to target
key periods

• Long-duration cycling events (e.g., road or gravel races)
contain single or multiple pivotal moments targeted for per-
formance boost (e.g., decisive climbs, intermediate and final
sprints, breakaways, etc.).

• However, the duration of these events may extend beyond the
effective half-life of a supplement if ingested prior to exercise.

• As part of race planning, cyclists should identify
key periods where peak action of a performance
supplement is desirable.

• Prior to racing, cyclists should develop a utili-
zation plan, including an understanding of the
kinetics of their personal use of a supplement
(e.g., time between taking the dose and achieving
a performance boost; the duration of the effect,
any side effects).

• Application of this understanding may allow
individuals to alter the timing of ingestion for
products conventionally taken well prior to
event, including consuming doses within the race
itself.

• Such strategies have been used to improve per-
formance in the latter stages of prolonged cycling
using both caffeine (Cox et al., 2002) and sodium
bicarbonate.

• Prioritize supplement forms that can be easily
consumed while riding (i.e., contained within
race nutrition supplies) or rapidly absorbed to
achieve their effect (e.g., caffeine gum or strips
that are absorbed via the buccal cells in the
mouth).

(continued)
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Table 4 (continued)

Issue Context Recommendations and examples

Use as a training aid • Cyclists across many disciplines may train in excess of 20 hr
per week (Valenzuela et al., 2025), presenting ample oppor-
tunities to employ ergogenic supplements prior to targeted
training sessions to enhance adaptations.

• Higher quality performance, including support during sessions
that are undertaken in a fatigued state, may improve specific
race preparation.

• Implement supplements into the training plan to
improve the quality of high-intensity sessions or
attenuate the fatigue associated with some
training modalities.

• For example, sodium bicarbonate supplementa-
tion prior to training (3× a week for 8 weeks) led
to greater improvements in exercise capacity vs.
training alone (Edge et al., 2006).

• Creatine (Forbes et al., 2023; Kreider, 2003) and
BA (Maté-Muñoz et al., 2018; Milioni et al.,
2019) may also similarly enhance training
adaptations by increasing power output and
attenuating fatigue during training; however,
cycling-specific research is required.

• Periodized use of caffeine within training phases
has been examined from a theoretical perspective
(Pickering & Grgic, 2021) and is effective in
targeted sessions (Lane et al., 2013).

• Consistent practice of supplement strategies
(including using those intended for race day) may
increase the rider’s insight on individual
responsiveness and help to fine tune race plans.

Effects on cognitive
performance

• Majority of studies on supplements and cycling have focused
on measures of physical performance (e.g., power, time to
complete a task); however, many cycling disciplines require
rapid decision making and tactical adjustments (e.g., choice of
line in mountain biking, positioning and maneuvering in the
peloton during a sprint).

• Several supplements are known or proposed to enhance
cognitive performance, especially when this is impaired or
under increased stress that could be associated with cycling
such as with prolonged exertion, sleep deprivation, hypoxia, or
TBI (e.g., following a crash).

• Many cycling events require high levels of skill
and rapid decision-making due to their tactical
nature. This may be challenged by accumulated
fatigue from sustained exertion in stage races,
intensified training or sleep deprivation, or by
TBI as a result of crashing. Targeted research on
the effects of supplements on cognitive perfor-
mance and its transfer to race performance and/or
better-quality training is therefore warranted.

• Creatine may be used to enhance brain function
and cognition (Borchio et al., 2020; Guest et al.,
2021) and attenuate the effects of TBIs (Dolan,
Gualano, & Rawson, 2019).

• There is evidence that caffeine (Hogervorst et al.,
2008), creatine (Cook et al., 2011), and ketone
supplements (Evans & Egan, 2018) may offset
the loss of skills and cognitive performance
(e.g., reaction time, decision making) associated
with fatigue and/or sleep deprivation. However,
this has not been universally tested in cyclists,
and more research is therefore required.

Individual responsiveness • Research and real-life observations both provide evidence of
individual responsiveness—both in magnitude and direction—
to the effects of performance supplements.

• Factors such as gene polymorphisms have been explored as a
contributor to individual responsiveness.

• For example, the genotype of ADORA2 and CYP1A2 geno-
types have been suggested to alter caffeine metabolism and
sensitivity, and therefore the impact of caffeine on cycling
performance (Guest et al., 2018, 2022). However, meta-
analyses pooling the literature have concluded that there is
insufficient evidence to explain changes in exercise perfor-
mance based solely on changes in these specific genes, and
where differences occur, they are small, inconsistent, or limited
to specific exercise scenarios (Barreto et al., 2021, 2024; Grgic
et al., 2021).

• Individual responsiveness to the effects of per-
formance supplements is probable and should be
explored both in research settings and in case
study approaches to individual cyclists.

• Researchers and practitioners who carry out such
activities should include approaches that confirm
individual responsiveness (such as repeating
trials) and distinguish it from normal day-to-day
variability in performance (Burke, 2017).

• Further work regarding genotypes and perfor-
mance responses to supplement use is encour-
aged, but at the present time is not sufficiently
robust to inform supplement practices in isola-
tion. Other factors should also be considered,
including participant expectation bias and
habitual practices.

(continued)
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Although consumers may consider supplements as “natural” or
regulated by government codes, in most countries, regulation is less
stringent than that applied to food or pharmaceutical products and
mostly occurs as postmarketing checks by agencies that are under-
resourced for this task (Dwyer et al., 2018; Kozhuharov et al.,
2022). As outlined earlier in this review, even evidence-based
products may cause side effects with their use in some individuals.
Although these may be minor in expression (e.g., gastrointestinal

discomfort, difficulty sleeping), this can negatively impact race
outcomes and recovery. Furthermore, information from regulatory
bodies, consumer complaints made to manufacturers, and hospital
reports provides evidence of widespread and larger adverse effects
that may arise from supplement use. Surveillance data from 63
hospitals in the United States between 2004 and 2013 estimated
that there were 23,005 visits to the emergency department and
2,154 hospital admissions attributed to dietary supplements (Geller

Table 4 (continued)

Issue Context Recommendations and examples

Effect of training status or
caliber, and age

• There is speculation and some evidence that the training status
and athletic caliber of an individual may influence the mag-
nitude of their response to some performance supplements.

• This may occur because the combined effects of high-level
training and genetic endowment have optimized the me-
chanisms targeted by the supplement, or because elite athletes
are already near their genetic ceiling for performance and any
further enhancement is too small to detect in conventional
studies.

•Meta-analyses have found elite athletes benefit less from nitrate
(Senefeld et al., 2020). By contrast, meta-analyses have shown
that while effect sizes tend to be lower for high-level athletes,
both caffeine (Carvalho et al., 2022) and buffering agents (de
Oliveira et al., 2022; Peart et al., 2012; Saunders, Elliott-Sale,
et al., 2017) can provide worthwhile benefits for performance.

• Any performance benefit is likely to be worth-
while in high-performance cycling, where mar-
gins of success are small and hard to detect using
conventional research designs.

• Individual cyclists should therefore work with
their sports science/medicine/coaching teams to
trial supplement use in training and lower level
competitions to collect personal data on the
benefits and/or detrimental outcomes.

• Lower level cyclists should undertake a different
cost:benefit analysis, which prioritizes factors
that may make a more pronounced performance
improvement (e.g., training and equipment)
rather than relying on performance supplements
alone.

• Future research on supplement use in cycling
should use standard methodology to describe
athlete caliber (e.g., the tiering system proposed
by McKay et al., 2022) in order to strengthen
meta-analysis and allow for stratification by
training status.

Young/junior cyclists • Considerations should be made regarding the age of the cyclist
in making decisions around supplement use, with many bodies
having ethical and health concerns around the use of supple-
ments by young athletes (Desbrow et al., 2014).

• There is also a need to consider the effect of the use of
supplements by adolescents who are still experiencing growth,
as well as the potential for supplement use to be a gateway to
doping (Hurst, 2023).

• The use of performance supplements by junior
cyclists is generally discouraged given the
potential for major performance gains from
training and experience.

• Many cycling teams or sporting organizations
have their own policies around appropriate ages
or competition categories in which supplement
use is permitted. Such decisions may be mediated
by the capacity of these organizations to provide
a sound environment for evidence-based sup-
plement use.

Female cyclists • Female participants are underrepresented in sports science/
nutrition research.

• A specific audit of the literature which informs the use of the
performance supplements reported that within 1,826 studies
totaling 34,889 participants, just 23% of participants were
women. Across different supplements, 0%–8% of studies
investigated women exclusively, while fewer (0%–2%) were
specifically designed to compare sex-based responses (Smith,
McKay, Kuikman, et al., 2022).

• Furthermore, only 14% of studies including women attempted
to define menstrual status, with only three studies (∼0.5%)
implementing best practice methodologies to assess menstrual
status (Smith, McKay, Kuikman, et al., 2022).

• New research should target the efficacy of per-
formance supplements in female cyclists, and
future sports nutrition recommendations should
specifically consider how well female cyclists
have contributed to the evidence base. Case
studies on female athletes are also encouraged.

• Future studies should carefully standardize or
investigate menstrual status and phase (Elliott-
Sale et al., 2021) unless it can be shown that they
do not affect the outcome of supplement inter-
ventions.

• Special consideration should be given to the
effect of differences in size, biological sex, and
within-athlete differences in reproductive hor-
mones, as well as differences in background
nutritional status on performance responses to
supplements (Smith, McKay, Ackerman, et al.,
2022).

• Some reviews have specifically concluded that
performance supplements can provide benefits to
female athletes when used appropriately (Carr
et al., 2023).

Note. TBI = traumatic brain injury.
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et al., 2015), particularly those associated with muscle building
(e.g., protein supplements, etc.), weight loss, and energy produc-
tion (Geller et al., 2015; Timbo et al., 2018). These products are
likely to contain problematic compounds or problematic amounts
of stimulants and anabolic-androgenic agents and are not recom-
mended for use by athletes.

Some substances included on the International Standard Pro-
hibited List within the World Anti-Doping Code (World Anti-
Doping Code International Standard Prohibited List, 2025) are
found in supplements. Such compounds may be included in
products that are illegally or legally manufactured and sold as
supplements and are available globally via the internet. Sports
education programs highlight the need for high-performance ath-
letes to read the labels of sports foods and supplements to avoid
such products and the risk of an anti-doping rule violation (ADRV).
However, some athletes may fail this task due to their perception
that supplements are “natural” or their inability to recognize the
different chemical and street names used to describe various
prohibited substances on product labels. Moreover, the presence
of banned substances as an undeclared ingredient in supplements
can also lead to their inadvertent intake. In most cases, this reflects
contamination of the supplement and can occur from the use of
adulterated raw ingredients or from cross-contamination during the
manufacturing process. However, this may not always be an
accidental outcome. Some supplements have been found to contain
therapeutic doses of steroid compounds, suggesting a deliberate
strategy by the manufacturer to gain “street popularity” driven by
testimonials of favorable results attributed to the product’s use
(Geyer et al., 2008; Judkins & Prock, 2012).

Awareness of the problem emerged in the late 1990s with
frequent reports of ADRV in athletes who claimed no use of drugs
but admitted to the use of supplements that appeared “safe” to use.
An analysis of 634 supplements purchased from 215 different
suppliers across 13 different countries in 2000–2001 was the first
to confirm the issue of contamination (Geyer et al., 2004). Ninety-
four samples (15%) contained undeclared prohormones of nandro-
lone and testosterone, and another 10% could not be analyzed due to
technical difficulties. Since that time, numerous analytical surveys of
commercially available supplements have reported contamination or
unlabeled presence of banned substances (Ayotte et al., 2001;
Baume et al., 2006; Kamber et al., 2001; Lee et al., 2020). A
2022 review that summarized the findings of 50 analytical surveys
of supplements found that an average of 28% of products contained
undeclared ingredients that could lead to an ADRV (Kozhuharov
et al., 2022), with other work suggesting the prevalence of anabolic
agents or other prohibited substances ranged from 14% to 50% of
samples tested (Jagim et al., 2023). Unfortunately, there is currently
no evidence that the problem is improving due to increased under-
standing or vigilance; a 2025 study from Australia reported that
35% of the 200 products purchased contained WADA Prohibited
Substances, despite having greater regulation of therapeutic goods
than many other countries (Barker et al., 2025). The majority of the
prohibited substances detected were stimulants found in prework-
out, “fat burners,” and muscle gain products (Barker et al., 2025).

Although a cyclist may accidentally consume these agents if
they are contained as nondeclared ingredients in a supplement, the
WADA Strict Liability rule records an Adverse Analytical Finding
against the individual, leading to a ban from their sport and
overturning of race results. WADA reports from 2013 to 2017
indicate that of 8,287 Adverse Analytical Findings issued across all
sports, 58.8% resulted in an ADRV (Aguilar-Navarro et al., 2021).
Strategies to mitigate the outcome by providing evidence of

supplement contamination may lead to a reduced sanction, but
the ADRV remains and is likely to cause loss of credibility and
marketability as well as personal distress. Indeed, considerable
resources are required to provide such evidence and require access
to both samples of supplements from the original container as well
as unopened containers from the same batch/lot number. A sub-
stantial number of high-performance athletes, including cyclists,
have experienced an ADRV that they attributed to supplement use,
with varying outcomes (e.g., see Clarke, 2016; Jones, 2022).
Critically, anti-doping rules apply to cyclists of all competitive
levels, including amateurs. This explains the priority placed by
sporting organizations and anti-doping authorities on education
about the safe use of supplements.

There are several strategies that can reduce, but not eliminate,
the doping risks associated with supplement use. These include
using only products whose specific batches have been certified by
Third-Party testing programs (e.g., HFL, HASTA, NSF, and
Informed Sport/LGC). Resources such as those produced by Global
DRO (https://www.globaldro.com/Home), NSF Certified for Sport
(https://www.nsfsport.com/), the Sports Integrity Australia app
(https://www.sportintegrity.gov.au/resources/sport-integrity-apps-
and-vr), and the Cologne List (https://www.koelnerliste.com/en/
product-database) provide records of these specific products and
batches. These programs do not completely eliminate the risk of an
ADRV arising from supplement use as testing of a batch may not
detect contamination that is irregularly spread, and third-party
auditing programs may not test for all prohibited substances.
Avoiding riskier categories of supplements, such asmulti-ingredient
“fat burners,” “pre-workout,” and “mass gainer” products, and only
using products which have a strong evidence base may also assist.
Importantly, the key message of anti-doping education programs is
that the athlete is responsible for the risks associated with supple-
ment use.

Conclusion

This review describes the rationale and application of sports foods
and selected evidence-based performance supplements that are
relevant for cycling. We have also highlighted concerns about
supplement use, including the expense, the risk of adverse effects,
and the risk of an ADRV if the product contains undeclared banned
substances. Each cyclist is recommended to work closely with his/
her support team or professionals (sports physicians and sports
dietitians) to make balanced decisions regarding supplement use.
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Nontechnical Summary

The use of sports foods and supplements has become popular
among cyclists across all disciplines in order to meet energy and
nutrient targets and to enhance health, performance, and recovery
outcomes. This review is part of a series of articles commissioned
by Union Cycliste Internationale contributing to the preparation
of a consensus statement on nutrition for cycling and will provide
an overview of the different types of products most frequently
used in cycling, the rationale for their uses, as well as highlight-
ing some caveats, considerations, and contemporary applications
of sports foods and supplements. Specifically, we provide a
summary of supplements with a strong evidence base based
on the Sports Supplement Framework of the Australian Institute

of Sport and the Position Stand of the International Olympic
Committee on Dietary Supplements and the High-Performance
Athlete including caffeine, creatine, sodium bicarbonate, beta-
alanine, dietary nitrate, and glycerol, as well as a key focus on
exogenous ketones given the controversy surrounding their use
in cycling. We outline the mechanisms of action for these
supplements the accepted protocols for their use and timing, and
the potential ergogenic effects or side-effects. We also highlight
key considerations surrounding the safety and anti-doping risks
that sports foods and supplements pose among athletes, delving
into the pros and cons for including them as part of an overall
nutrition plan.
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