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1. Introduction 

Caffeine (1,3,7-trimethylxanthine) is the most commonly consumed psychoactive substance 

globally and occurs naturally in numerous plant species, such as tea and cocoa. Caffeine is an 

odorless white powder that is soluble in water and lipids and has a bitter taste. Due to its structural 

similarity to adenosine, caffeine binds to adenosine receptors, preventing adenosine from exerting 

its sedative effects. This blockage enhances central nervous system stimulation, alertness, and 

reduces fatigue. Many beverages and products contain significant amounts of caffeine, such as 

coffee, tea, chocolate, cocoa beverages, soft drinks, and energy drinks. 

After ingestion, caffeine is quickly absorbed from the gastrointestinal tract into the 

circulatory system [1]. The maximum plasma concentration is reached after 30-60 minutes from 

consumption. Caffeine is widely distributed throughout the body. The pre-systemic metabolism 

takes place in the liver since orally ingested substances are absorbed through the small intestine 

into the portal circulation before entering the systemic one. Caffeine’s pre-systemic metabolism 

is negligible, and once caffeine is absorbed, it promptly gets into all the body tissues and crosses 

the blood-brain, blood-placenta, and blood-testis barriers [1]. The hepatic microsomal enzyme 

system oversees caffeine metabolism in the liver. The main enzyme responsible for caffeine 

metabolism is cytochrome P4501A2 (CYP1A2), which accounts for about 95% of caffeine 

clearance. Caffeine’s half-life in humans ranges from a minimum of 2 to a maximum of 12 hours 

[2, 3], mainly due to the interindividual variability in absorption and metabolism. 

Caffeine exerts a wide range of effects. For instance, it binds to adenosine receptors in the 

brain, thereby promoting wakefulness and reducing the perception of fatigue during exercise. 
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Additionally, pre-exercise caffeine intake has been reported to elevate blood epinephrine levels, 

activating the sympathetic nervous system. Furthermore, caffeine consumption is associated with 

an increase in the release of free fatty acids into the bloodstream, thereby enhancing fat utilization 

as an energy source. 

Many studies have shown that caffeine intake enhances sports performance, with its 

ergogenic effect improving a wide range of physical activities, including endurance, strength, 

muscular endurance, team sports, repeated high-intensity exercise, and anaerobic performance [4]. 

Caffeine was previously banned by the International Olympic Committee and the World Anti-

Doping Agency but was removed from the list in 2004. Between 2004 and 2008, over 20,000 

urine samples collected during doping control at national and international competitions were 

analyzed. The results showed that approximately 74% of elite athletes used caffeine as an 

ergogenic aid, with endurance sports showing the highest levels of caffeine excretion after 

competition [5]. 

The International Society of Sports Nutrition has stated that moderate doses of caffeine (3-6 

mg/kg) taken 60 minutes before exercise can effectively improve sports performance, but high 

doses (≥9 mg/kg) do not provide additional benefits [4]. In addition, high doses of caffeine are 

associated with a high incidence of side effects such as dizziness, increased heart rate, anxiety, 

tremors, and insomnia [6]. Therefore, to optimize athletic performance while minimizing side 

effects, it is essential to summarize existing evidence on the effects of low-dose caffeine on 

performance enhancement. 

Recent meta-analyses have investigated the effects of caffeine on endurance performance, 
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but each study has certain limitations, for example, evaluating a single exercise pattern or lack of 

low-dose evaluation. The meta-analysis by Wang et al. only included studies that focused on 

endurance running tests [7]. Southward et al.’s analysis only included studies that evaluated time-

trial performance and caffeine doses >3 mg/kg [8]. Barreto et al. focused solely on the effects of 

caffeine in chewing gum on exercise performance [9]. These limitations hinder a clear 

understanding of how low-dose caffeine influences endurance performance. A review conducted 

by Pickering and Kiely (2019) examined the effects of low-dose caffeine on exercise performance. 

Although this review avoided the limitations of the studies mentioned above, it did not conduct a 

meta-analysis of the data, which limits its ability to draw comprehensive conclusions [10]. 

Thus, this study aims to investigate the effect of low-dose caffeine on endurance performance. 

We hypothesize that acute intake of low-dose caffeine will improve endurance performance but 

to a lesser extent than medium/high-dose caffeine. 

 

2. Materials and Methods  

2.1. Search Strategy and Selection of Studies  

The current scoping review and meta-analysis were carried out following the guidelines of 

the Preferred Reporting Items for Systematic Reviews and Meta-Analyses extension for Scoping 

Reviews (PRISMA-ScR) [11].  

The present review builds upon the review by Pickering and Kiely (2019), which examined 

the ergogenic effects of low-dose caffeine on exercise performance, and the data included therein 

spanned studies published from March 1995 to October 2019 [10]. To extend this evidence base 
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and incorporate recent advancements in the literature, we searched the PubMed database on 1 

July 2024, targeting studies published between 1 January 2019 and 1 July 2024. Search terms 

included the words "caffeine", "exercise", "performance", and "low dose". Titles and abstracts 

were carefully read and screened for subsequent full-text review and data extraction. The studies 

for this review and meta-analysis were managed using EndNote (Version 21, Clarivate, 

Philadelphia, PA, USA). 

The search for published studies was independently conducted by two authors (JIN and LI), 

while disagreements between these authors were settled through discussion, with a third author 

(DW and MM) consulted for input if consensus could not be reached. To introduce the searched 

studies in the meta-analysis, the following inclusion criteria had to be fulfilled, with each study 

involving: (1) randomized controlled trials (RCT); (2) interventions involving caffeine 

supplementation, with a clear dosage and acute pre-exercise ingestion; (3) studies utilizing a 

caffeine dose of ≤3 mg/kg; (4) included healthy men and women as participants, aged 18–50 

years; (5) outcome measures are a form of exercise performance. The following exclusion criteria 

were applied to the experimental protocols of the investigation: (1) the absence of a placebo 

condition; (2) nonoriginal articles (for example, reviews); (3) articles not published in English; 

(4) nonhuman studies; (5) participants with diagnosed medical conditions, including 

cardiovascular disease, metabolic disorders, or other chronic illnesses.  

From the studies that met the above criteria, those specifically investigating endurance 

performance were selected for inclusion. The additional selection criteria were as follows: (1) 

involved endurance activities lasting longer than 5 minutes and primarily relying on aerobic 
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energy systems. (2) The outcome measures reflected endurance performance, including time to 

exhaustion (TTE), power, time trial time (TT time), work, or maximal/peak oxygen uptake 

(VO2max/peak). 

2.2. Quality Assessment 

Study quality was evaluated using the Physiotherapy Evidence Database (PEDro) scale. The 

PEDro scale is a widely used tool for evaluating the methodological quality of randomized 

controlled trials [44]. It comprises 11 items that assess randomization, blinding, attrition, selective 

reporting, and statistical analysis. Each item is scored based on whether it is satisfied, with a 

maximum score of 10 (the first item is not included in the total score). The higher the score, the 

better is the methodological quality and the lower the risk of bias. The quality assessment was 

independently conducted by two authors (JIN and LI), and input was sought from a third author 

to resolve any disagreement (DW and MM). 

PEDro scale items: (1) eligibility criteria were specified; (2) subjects were randomly 

allocated to groups (in a crossover study, subjects were randomly allocated an order in which 

treatments were received); (3) allocation was concealed; (4) the groups were similar at baseline 

regarding the most important prognostic indicators; (5) there was blinding of all subjects; (6) 

there was blinding of all therapists who administered the therapy; (7) there was blinding of all 

assessors who measured at least one key outcome; (8) measures of at least one key outcome were 

obtained from more than 85% of the subjects initially allocated to groups; (9) all subjects for 

whom outcome measures were available received the treatment or control condition as allocated 

or, where this was not the case, data for at least one key outcome was analyzed by “intention to 
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treat” ; (10) the results of between-group statistical comparisons are reported for at least one key 

outcome; (11) the study provides both point measures and measures of variability for at least one 

key outcome. 

2.3. Data Extraction 

Data extraction was carried out by one author (JIN) and verified by another (LI). The 

extracted data were organized and managed using spreadsheet software (Microsoft Excel 365, 

Microsoft Corporation, Redmond, WA, USA). 

Information collected from each study included sample size, characteristics, age, weight, 

height, VO2max/peak, habitual caffeine consumption, caffeine dose, time of caffeine ingestion, 

mode of exercise, exercise protocol, endurance performance outcomes for placebo and caffeine 

trials. Endurance performance was assessed using TTE, power, TT time, work, VO2max/peak as 

the primary indicators. These values were extracted and recorded as mean ± standard 

deviation/standard error (mean ± SD/SE).  If caffeine was reported as an absolute dose in the 

study, the relative dose per kilogram of body weight was calculated using the average body weight. 

When data required for the creation of a forest plot could not be collected, the article’s 

corresponding author was contacted. In cases in which numerical data were not available and a 

response could not be obtained from the corresponding author but the data were available as 

graphs, numerical values were obtained using the web-based tool WebPlotDigitizer, version 4.1 

(Ankit Rohatgi; Pacifica, CA). 

2.4. Statistical Analyses 

The statistical analysis was performed using STATA software (StataSE 18.0, StataCorp LLC, 
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College Station, TX, USA). 

Change over placebo and relative standard error were calculated based on the means and 

standard deviations of the placebo and caffeine trials, the correlations between trials, and the 

number of participants. Since none of the studies reported a correlation, a 0.5 correlation was 

assumed for all trials [45]. A random-effects model was used for the analysis, with the statistical 

significance threshold set a priori at p < 0.05. 

𝑐ℎ𝑎𝑛𝑔𝑒 𝑜𝑣𝑒𝑟 𝑝𝑙𝑎𝑐𝑒𝑏𝑜 (%) = 100 ×
𝑚𝑒𝑎𝑛𝑐𝑎𝑓𝑓𝑒𝑖𝑛𝑒 − 𝑚𝑒𝑎𝑛𝑝𝑙𝑎𝑐𝑒𝑏𝑜

𝑚𝑒𝑎𝑛𝑝𝑙𝑎𝑐𝑒𝑏𝑜
 

𝑆𝐸 (%) = 100 ×
√𝑆𝐷𝑐𝑎𝑓𝑓𝑒𝑖𝑛𝑒

2+𝑆𝐷𝑝𝑙𝑎𝑐𝑒𝑏𝑜
2 − 2 × 𝑟 × 𝑆𝐷𝑐𝑎𝑓𝑓𝑒𝑖𝑛𝑒 × 𝑆𝐷𝑝𝑙𝑎𝑐𝑒𝑏𝑜

√𝑁 × 𝑚𝑒𝑎𝑛𝑝𝑙𝑎𝑐𝑒𝑏𝑜

 

SE (%), relative standard error; SD, standard deviation; r, correlation; N, sample size. 

The I² statistic was used to assess the degree of heterogeneity, with values of ≤50% indicating 

low heterogeneity, 50–75% indicating moderate heterogeneity, and >75% indicating a high level 

of heterogeneity [46]. Publication bias was assessed using the Begg and Egger test by plotting 

change over placebo against the standard error with 95% CI using a funnel plot [12].  

Subgroup analyses for the effects of caffeine on endurance performance were performed for 

the following indicators: (a) TTE, (b) power, (c) TT time, (d) work, (e) VO2max/peak, (f) habitual 

caffeine intake and (g) caffeine intake dosage. 

 

3. Results 

3.1. Selection of Studies  

A total of 241 articles were initially identified. We evaluated 109 full-text articles, and after 
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applying inclusion and exclusion criteria, we included 22 articles [13-34] in qualitative synthesis 

(Figure 1). 

3.2. Study Methodological Quality  

Among the studies that evaluated endurance performance, the mean PEDro methodological 

quality score was 9.77, with the values for individual studies ranging from 6 to 10 (Table 1).  

Except for Schubert et al. (2013), which used a single-blind design, all other studies 

employed a double-blind or triple-blind design, so Schubert's study did not receive a score for the 

blinding items (items 3, 6, 7) [28]. Schubert et al. (2013) also had 3 out of 9 participants withdraw 

due to injury or illness, resulting in a deduction for the Adequate Follow-Up item (item 8). 

Moesgaard et al. (2024) included data from two participants who missed one day of creatine 

supplementation, thus failing to meet the Intention-to-Treat analysis criteria (item 9) [14]. 

3.3. Study Characteristics  

Among the 22 selected studies, a total of 419 participants were included, consisting of 351 

males and 68 females (Table 2). Cycling was the most common form of exercise used by 15 of 

the 22 studies [13, 14, 16-18, 21-25, 27, 29, 30, 32, 34], while 5 studies used running protocols 

[15, 19, 20, 28, 33] and 2 studies used rowing protocols [26, 31]. 

6 studies used a fixed caffeine dose [13, 15, 16, 19, 28, 29], while 16 studies used a body 

weight-relative caffeine dose [14, 17, 18, 20-27, 30-34]. 14 studies used a single caffeine dose 

[14, 15, 17-23, 25, 26, 29, 30, 34], while 8 studies used multiple caffeine doses [13, 16, 24, 27, 

28, 31-33]. Among these, the most commonly used dose was 3 mg/kg, which was used in 14 

studies [14, 17, 18, 20-23, 25-27, 30, 32-34], with caffeine doses ranging from 1 to 9 mg/kg across 
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the included studies. According to international guidelines, a dose of <3 mg/kg is considered low, 

3 to 6 mg/kg is medium, and >6 mg/kg is high. Among the included studies, 6 studies used only 

low doses [13, 15, 16, 19, 28, 29], 16 studies used medium doses [14, 17, 18, 20-27, 30-34], and 

1 study used high doses [33]. 

3.4. Meta-Analysis 

Results of the meta-analysis indicated a significant difference (p < 0.001) between the 

placebo and caffeine trials on endurance performance (Figure 2). The pooled improvement rate 

of endurance performance with caffeine intake was 1.61% (95% CI: 0.90, 2.33). The I² statistic 

indicated low heterogeneity for the studies assessing endurance performance (I² = 0.00%; p = 

0.99). The funnel plot was visually inspected to assess potential publication bias and appeared 

symmetric. Neither Begg's test (p = 0.064) nor Egger's test (p = 0.051) indicated significant 

publication bias (Figure 3). 

A subgroup analysis indicated that caffeine significantly improves TTE (improvement rate 

= 4.08%; 95% CI: 1.54, 6.63; p < 0.001; Figure 4) and power (improvement rate = 2.36%; 95% 

CI: 0.30, 4.42; p = 0.02; Figure 5) and TT time (improvement rate = 1.24%; 95% CI: 0.37, 2.12; 

p = 0.01; Figure 6). However, no significant effects were found on work (improvement rate = 

2.48%; 95% CI: -2.12, 7.07; p = 0.29; Figure7) and VO2max/peak (improvement rate = 1.42%; 

95% CI: -1.85, 4.69; p = 0.40; Figure 8). 

A subgroup analysis was conducted based on habitual caffeine intake, comparing individuals 

with low habitual caffeine intake (˂ 1mg/kg/day) to those with high habitual caffeine intake (˃ 

3mg/kg/day). The results indicated that caffeine improved endurance performance in both groups: 
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in the low habitual caffeine intake group (improvement rate = 2.39%; 95% CI: 0.05, 4.73; p = 

0.045; Figure 9) and in the high habitual caffeine intake group (improvement rate = 2.29%; 95% 

CI: 0.03, 4.56; p = 0.047; Figure 10). 

A subgroup analysis was conducted based on acute caffeine intake dosage, comparing the 

low-dose group (˂ 3mg/kg) to the medium/high-dose group (≥ 3mg/kg). The results indicated that 

caffeine did not significantly improve endurance performance in the low-dose group 

(improvement rate = 1.01%; 95% CI: -0.21, 2.23; p = 0.11; Figure 11). However, a significant 

improvement was observed in the medium/high-dose group (improvement rate = 1.97%; 95% CI: 

1.05, 2.89; p < 0.001; Figure 11). 

 

4. Discussion 

The purpose of this scoping review and meta-analysis was to critically evaluate the acute 

effects of low-dose caffeine intake on endurance performance. The main finding was that caffeine 

intake has a small but significant effect on endurance performance (improvement rate = 1.61%; 

95% CI: 1.54, 6.63; p < 0.001). Subgroup analyses revealed that caffeine consistently improves 

TTE, power, and TT time, with respective improvement rates of 4.08%, 2.36%, and 1.24%. 

However, no significant effect was observed on work or VO2 max/peak. The data also highlight 

that medium/high caffeine doses (≥ 3 mg/kg) are more effective than low doses (< 3 mg/kg), as 

the latter did not achieve significant improvements. Interestingly, habitual caffeine intake had no 

notable influence on endurance performance enhancement, with both low and high-habitual 

intake groups benefiting similarly from caffeine ingestion. 
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Caffeine can enhance endurance performance by increasing central nervous system 

stimulation and reducing the perception of effort [35], which can lead to improvements in TTE, 

power, and TT time performance. These outcomes are more likely influenced by caffeine's ability 

to delay fatigue and improve pacing strategies rather than by alterations in maximal aerobic 

capacity. In contrast, VO2 max/peak reflects the maximal/peak volume of oxygen the body can 

consume during intense exercise, and work. It is a measure of the total energy expended during 

exercise. These variables may not show significant improvements from caffeine because they are 

more dependent on the cardiovascular and respiratory systems' maximal capabilities [36]. 

The systematic review and meta-analysis conducted by Chen et al. (2024) [37] on the 

effects of caffeine on TT performance in cyclists demonstrated that moderate doses (4-6 mg/kg) 

significantly improved TT time (SMD = -0.55, 95% CI: -0.84, -0.26; p < 0.01) and mean power 

output (SMD = 0.44, 95% CI: 0.09, 0.79, p < 0.05), whereas low doses (1-3 mg/kg) failed to 

show significant improvements. This finding aligns with our results regarding the limited effects 

of low-dose caffeine. Caffeine is commonly believed to enhance performance primarily through 

its action on the central nervous system [38], reducing perceived exertion and pain. Other 

proposed mechanisms include increased myofibrillar calcium availability [39] and optimized 

exercise metabolism[40]. However these mechanisms may not be activated at low caffeine 

doses, limiting its ergogenic effects. Additionally, because individuals' sensitivity to caffeine 

varies due to genetic factors, such as ADORA2A and CYP1A2 genes, low doses may be 

effective for some people while having little effect on others [41]. 

To further study the dose-response relationship between acute caffeine intake and endurance 
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exercise performance, a weighted scatter plot was made with the intake amount as the horizontal 

axis and the improvement rate as the vertical axis, and a trend line was added (Figure 12). This 

figure suggests that not all caffeine doses ˂3 mg/kg fail to enhance endurance performance. In 

the low-to-medium dose range, although the linear relationship is weak (R²=0.01062), a positive 

correlation (y=0.1922x+1.0214) between dose and improvement rate is evident. Taking 

individual differences into account, different people may require different doses to achieve 

optimal effects. 

Carvalho et al. (2022) [42] conducted meta-analyses for different exercise types (endurance, 

power, strength) and found that caffeine was effective across all exercise types. Their subgroup 

and meta-regression analyses indicated that habitual caffeine consumption had no influence on 

the ergogenic effect of caffeine on endurance (R² = 0%, estimate = 0.03, 95% CI: -0.03, 0.08), 

which is consistent with our findings that individuals with different levels of daily caffeine 

consumption experience similar benefits from acute caffeine intake, regardless of their daily level 

of caffeine intake. This information is important for athletes who regularly consume caffeine, as 

it suggests they may continue to do so without significant impact to the acute ergogenic effects 

of their pre-training or pre-competition caffeine dose. From the perspective of metabolic 

adaptation, with chronic high caffeine intake, the liver becomes more efficient at metabolizing 

caffeine, allowing the body to process it more rapidly [43]. However, acute ingestion leads to a 

temporary elevation in caffeine levels in the body, and its effects manifest quickly. Therefore, 

metabolic changes induced by habitual consumption are unlikely to have a significant impact on 

the acute effects of caffeine. 
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Unlike previous reviews that included only one type of exercise mode or restricted caffeine 

dosage, this study included various endurance exercise modes, such as cycling, running, and 

rowing, and conducted subgroup analyses of measurement indicators, including TTE, power, TT 

time, work, and VO2max/peak, across low, medium, and high caffeine doses. These diverse 

exercise modes enhance the broader applicability of the findings, while the subgroup analyses 

provide detailed insights into caffeine's effects on different aspects of endurance.  

On the other hand, several limitations should be acknowledged. As the literature search was 

limited to PubMed, this may have resulted in not all articles being retrieved. Only one included 

study used a high dose (˃6mg/kg) of caffeine, potentially reducing the statistical power of the 

subgroup analyses. Second, we did not extract or analyze physiological indicators and subjective 

indicators (e.g., respiratory exchange ratio, blood lactate concentration, blood glucose, and rating 

of perceived exertion). Finally, potential confounding factors, such as training status, sleep quality, 

and genotypes associated with caffeine metabolism (ADORA2A and CYP1A2), were not 

accounted for, which could influence the observed effects [47-49]. 

The findings of this study have important practical implications for enhancing endurance 

performance in athletes. Specifically, caffeine intake, particularly at medium/high doses, has been 

shown to improve performance in endurance sports such as running, cycling, and rowing. 

Therefore, athletes can benefit from caffeine supplementation before competitions to optimize 

their performance. Sports nutritionists and trainers can use these insights to design tailored 

caffeine intake plans that maximize the ergogenic effects for individual athletes. Moreover, the 

results can guide the development of sports supplements, such as energy drinks and gels, to 
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enhance endurance performance. This research also underscores the need for future studies to 

explore the underlying physiological mechanisms and to account for factors like training status, 

sleep quality, and genetic variations to further refine caffeine supplementation strategies. 

 

5. Conclusion 

Acute caffeine intake before exercise can improve endurance performance. Caffeine 

consistently enhances TTE, power, and TT time performance, but shows no significant effect on 

work and VO2max/peak. These effects are insufficient with acute intake of low-dose (˂3mg/kg) 

caffeine. Habitual caffeine intake has no effect on the acute ergogenic effects of caffeine. 
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Figure 1. Flowchart of search strategy and selection of studies. 
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Table 1. Quality score for eligible studies. 

 

 

Table 2. Summary of studies measuring caffeine effects on endurance performance.  

SD, standard deviation; M, Males; F, Females; CN, caffeine consumption 25 mg/day or less; CH, 

caffeine consumption above 300 mg/day; AA/AC/CC, CYP1A2 genotype; VO2max/peak, 

maximal/peak oxygen uptake; TT, time trial; TTE, time to exhaustion. 
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Figure 2. Forest plot of caffeine effects on endurance performance. 

Forest plot shows differences between the effects of placebo and caffeine trials on endurance 

performance. The size of the plotted squares reflects the relative statistical weight of each study. 

The numbers on the x-axis denote the improvement over placebo (%). The horizontal lines denote 

the respective 95% confidence intervals (CI). 
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Figure 3. Funnel plot of caffeine effects on endurance performance with Begg and Egger bias 

tests. 

 

 

Figure 4. Forest plot of caffeine effects on TTE. 

 

 

Figure 5. Forest plot of caffeine effects on power. 
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Figure 6. Forest plot of caffeine effects on TT time. 

 

 

Figure 7. Forest plot of caffeine effects on work. 

 

 

Figure 8. Forest plot of caffeine effects on VO2max/peak. 
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Figure 9. Forest plot of caffeine effects on endurance performance in the low habitual caffeine 

intake group. 

 

 

Figure 10. Forest plot of caffeine effects on endurance performance in the high habitual caffeine 

intake group. 
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Figure 11. Forest plot of caffeine effects on endurance performance in the low-dose group and 

medium/high-dose group. 
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Figure 12. Relationship between caffeine dose and performance improvement. 

 


