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Background: This study examined the effects of caffeine on movement velocity 
and power output during resistance exercises and explored moderating factors 
influencing these effects.
Methods: A systematic search of five databases was conducted through June 2025. 
A random-effects model was used to assess the effect of caffeine on muscular 
power-related variables, such as bar velocity and power output, during resistance 
exercises with a fixed number of repetitions. Subgroup analyses were performed 
based on sex, caffeine dose, habitual caffeine consumption, muscle group, and load.
Results: Twelve studies comprising 230 participants were included. Caffeine 
significantly improved mean velocity (SMD = 0.42, 95% CI: 0.19–0.65, p  < 0.05, 
I2 = 85%) and mean power output (SMD = 0.21, 95% CI: 0.12–0.30, p < 0.05, I2 = 14%) 
during resistance exercises. Greater improvements in mean velocity were observed in 
males (SMD: 0.56 vs. 0.22), and habitual caffeine consumption < 3 mg/kg/day (SMD: 
0.87 vs. 0.21) (all p < 0.01 for subgroup comparisons). Furthermore, although caffeine 
increased mean velocity at all caffeine doses (SMD: 0.31–0.78), muscle groups (SMD: 
0.32–0.54) and loads (SMD: 0.37–0.49) (all p < 0.01), no significant differences were 
observed between subgroups (all p > 0.01 for subgroup comparison).
Conclusion: Caffeine ingestion enhances movement velocity and power output 
during resistance exercises, regardless of load. These benefits were more 
pronounced in males, at higher caffeine doses, among low habitual caffeine 
consumers, and during lower-body exercises.
Systematic review registration: https://www.crd.york.ac.uk/PROSPERO/view/
CRD42024616920.
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1 Introduction

It is well established that sports such as track and field and team sports rely heavily on 
power-based actions like jumping and sprinting (1, 2). Resistance training remains a 
cornerstone of strength and conditioning programs aimed at developing muscular power 
(3). Recently, advanced methods including velocity-based training and blood flow 
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restriction have emerged to optimize training outcomes (4, 5). 
Concurrently, sport supplements have attracted widespread 
attention as alternative approaches to boost muscular power during 
resistance exercise (6–8).

Caffeine (1,3,7-trimethylxanthine), classified as a nutritional 
ergogenic aid by the International Olympic Committee, has been 
demonstrated to improve muscular strength during resistance 
exercises (9). Meta-analyses report that caffeine doses of 1–7 mg/kg 
produce small improvements in maximal strength (one-repetition 
maximum [1RM]), with trivial effect sizes ranging from 0.17 to 0.20 
(10, 11). However, maximal strength expression is less frequently 
prescribed in practical settings. Instead, resistance training often 
emphasizes muscular power at submaximal loads, aiming to improve 
the ability to lift heavy loads at high velocities, especially for 
athletes (12).

Recent reviews suggest that caffeine may have a greater effect on 
muscular power  – specifically movement velocity and power 
output – than on maximal strength during resistance exercise (13, 
14). However, there is limited meta-analytic research examining the 
effect of caffeine on muscular power during resistance exercise. To 
date, only one meta-analysis has examined the effects of caffeine 
supplement (1–9 mg/kg) on muscular power during resistance 
exercises (12). This study included 12 studies with 151 participants, 
reporting a significant increase in mean velocity (MV) during bench 
press and squat across loads from 10 to 100% of 1RM (12). However, 
the study had notable limitations (12): (a) inclusion of studies using 
multi-ingredient caffeinated supplements (e.g., coffee and energy 
drinks), making it difficult to isolate the independent effect of 
caffeine (15); and (b) lack of subgroup analyses by sex, dose, and 
habitual caffeine consumption (see next paragraph for details), 
which may moderate the ergogenic response (16). In light of several 
recent studies published (17–25) since 2020 (12), an updated meta-
analysis is warranted.

Most meta-analysis have focussed on overall effects, without 
addressing key moderating factors (12, 26). However, individual 
and methodological variables are known to influence the ergogenic 
response to caffeine and warrant subgroup analysis. For instance, 
sex-related differences in caffeine metabolism and neuromuscular 
function may affect outcomes (16, 27); higher doses are generally 
associated with greater performance benefits (28); habitual 
caffeine intake can alter sensitivity to caffeine’s stimulatory 
effects (29); and upper- vs. lower-body exercises may differ in 
responsiveness due to variations in muscle mass and recruitment 
patterns (30). These considerations provide a strong rationale for 
examining subgroup effects across sex, dose, habitual intake, and 
muscle group.

The aim of this study was to examine the effects of 
caffeine on muscular power during resistance exercises and to explore 
influencing factors to inform practical recommendations 
for exercisers.

2 Materials and methods

This meta-analysis followed the Preferred Reporting Items for 
Systematic Reviews and Meta-Analyses (PRISMA) guidelines (31) and 
was registered with the International Systematic Review Prospective 
Register (PROSPERO) (CRD42024616920).

2.1 Literature search

A comprehensive search was conducted in PubMed, Web of 
Science, EMBASE and CNKI (China National Knowledge 
Infrastructure) databases from inception to 10 June 2025. Search 
terms included combinations of the following keywords using 
Boolean operators (“AND,” “OR,” “NOT”): caffeine, caffeinated, 
resistance exercise, resistance training, strength training, power, 
velocity, speed, performance, and exercises. To ensure no relevant 
literature was missed, a manual search was also performed via 
Google Scholar.

2.2 Selection criteria

Studies were included based on PICOS criteria (participants, 
interventions, comparators, outcomes, and study design): (1) healthy 
adult participants; (2) caffeine administered alone, without 
combination with other ergogenic substances such as energy drinks 
or chocolate; (3) use of a placebo comparator; (4) outcomes including 
MV and mean power output (MPO) during resistance exercises with 
a fixed number of repetitions; and (5) single- or double-blind 
crossover design. Studies not meeting these criteria were excluded. 
Furthermore, this review did not include any preprints or unpublished 
research, as these data have not undergone peer review. The selection 
process was conducted by two independent investigators (B.X. and 
L.D.), with discrepancies resolved by a third investigator (Y.C.).

2.3 Study coding and data extraction

The following data were extracted from each study: (1) study 
design; (2) participant characteristics (e.g., sample size, age, training 
status, habitual caffeine consumption, and sex); (3) caffeine intake 
strategy (e.g., dose, form of administration, timing of ingestion, and 
caffeine withdrawal); (4) exercise protocol (type of exercise and load); 
and (5) main findings.

2.4 Assessment of methodological quality

Methodological quality and risk of bias were assessed in 
accordance with Cochrane guidelines (32). Two independent 
investigators evaluated each study using the Cochrane Risk of Bias 
Assessment Tool using Review Manager 5.4 software (Copenhagen: 
The Nordic Cochrane Center, The Cochrane Collaboration, 2014). 
The assessment included the following domains: (1) random sequence 
generation; (2) allocation concealment; (3) blinding of participants 
and personnel; (4) blinding of outcome assessment; (5) incomplete 
outcome data; (6) selective reporting; and (7) other potential biases. 
Each domain was rated as “low risk” (“+”), “some concerns” (“-”), or 
“unclear risk” (“×”).

2.5 Statistical analyses

This meta-analysis was conducted using STATA 14 (Stata Corp., 
College Station, TX, United States) and R software. A random-effects 
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model was applied to estimate differences in MV and MPO between 
caffeine and placebo groups, based on the mean values, standard 
deviations, and correlations. Results were reported as standardized 
mean differences (SMD) (Hedge’s g) with 95% confidence intervals 
(CI), with significance set at p < 0.05. Since no study included in our 
review reported correlation values, a conservative correlation of 0.5 
was assumed for all studies (12). For studies reporting multiple 
muscular power outcomes under different conditions (i.e., varying 
caffeine dosages and loads), SMDs and variances were calculated 
separately for each outcome, with average SMD and variance values 
used for analysis (12). The magnitude of SMD was interpreted as: (a) 
trivial (SMD < 0.20); (b) small (0.20 ≤ SMD < 0.50); (c) moderate 
(0.50 ≤ SMD < 0.80); and (d) large (SMD ≥ 0.80) (32). Study 
heterogeneity was calculated using the I2 statistic, classified as low 
(I2 < 25%), moderate (25% ≤ I2 ≤ 50%), or high (I2 > 50%) (33). 
Publication bias was assessed using funnel plots and Egger’s test. In 
the sensitivity analysis, the pooled results were examined by 
sequentially excluding each included study.

Subgroup analyses were conducted to examine the effects of 
caffeine on muscular power during resistance exercise based on the 
following factors: (1) sex (male and female); (2) caffeine dose (low [≤ 
3 mg/kg], moderate [> 3 mg/kg to ≤ 6.0 mg/kg], and high [> 6 mg/
kg]) (16); (3) habitual caffeine consumption (naive-to-mild [< 3.0 mg/
kg/day] and moderate-to-high [≥ 3.0 mg/kg/day]) (34); and (4) 
muscle group (upper and lower body); (5) load (low [< 30% 1RM], 
moderate [30–70% 1RM], and high [> 70% 1RM]) (35, 36). 
Additionally, given the multiple subgroup analyses (five groups), the 
Bonferroni method was applied, adjusting the significance threshold 
for subgroup differences to p < 0.01 to reduce the risk of false positives.

3 Results

3.1 Study characteristics

A total of 2,739 studies were initially identified through database 
searches. After removing 705 duplicates, 2,034 studies were screened 
based on titles and abstracts. Fifty-six studies underwent full-text 
screening, and 12 studies met the inclusion criteria and were 
included in the meta-analysis (17–25, 28, 37, 38) (Figure 1). Due to 
multiple conditions within some studies (e.g., different sexes, doses 
or loads), several contributed more than one dataset, resulting in 67 
trials from 12 studies in subgroup analysis (Table 1) (17–25, 28, 37, 
38). The total sample size consisted of 230 resistance-trained or 
recreationally active participants, aged 20–29 years. The habitual 
caffeine consumption of most study participants ranged from naive 
to moderate (0–6 mg/kg/day), with the exception of one study 
reporting an intake of 632 mg/day. Reported caffeine doses varied 
from 3 to 12 mg/kg. All studies administered caffeine in liquid or 
capsule form 60 min before exercise, expect one, which used 
caffeinated gum 15 min prior.

3.2 Quality of study methods

The risk of bias was assessed for the 12 included placebo-
controlled crossover studies, all of which were rated as some 

concerns (Figure 2). The funnel plot showed slight asymmetry, 
suggesting potential publication bias (Figures  3, 4). Given the 
subjectivity of funnel plots, Egger’s linear regression was 
performed for MV and MPO during resistance exercises, which 
revealed no difference from zero (all p  > 0.05), indicating no 
publication bias.

3.3 Meta-analysis results

3.3.1 Mean velocity
This meta-analysis demonstrated that caffeine significantly 

enhances MV during resistance exercises (SMD = 0.42, 95% 
CI = 0.19–0.65, p  < 0.05, I2  = 85%) (Figure  5). Subgroup analysis 
identified sex and habitual caffeine consumption as significant 
moderators (all subgroup differences p < 0.01) (Figure 6). Specifically, 
the effect size of caffeine on MV was larger in males (SMD = 0.56, 95% 
CI = 0.43–0.69, p < 0.01, I2 = 36%) than females (SMD = 0.22, 95% 
CI = 0.06–0.40, p < 0.01, I2 = 0%) (Figure 6). Naïve-to-mild caffeine 
consumers (< 3 mg/kg/day) showed greater improvements 
(SMD = 0.87, 95% CI = 0.72–1.02, p < 0.01, I2 = 0%) compared to 
moderate-to-high caffeine consumers (≥ 3 mg/kg) (SMD = 0.21, 95% 
CI = 0.11–1.02, p < 0.01, I2 = 0%) (Figure  6). Although caffeine 
significantly increased MV across all doses (high (> 6 mg/kg): 
SMD = 0.78, 95% CI = 0.45–1.10, p < 0.01, I2 = 42%); moderate (> 
3 mg/kg to ≤ 6 mg/kg) (SMD = 0.31, 95% CI = 0.21–0.41, p < 0.01, 
I2 = 0%); low (≤ 3 mg/kg) (SMD = 0.43, 95% CI = 0.27–0.59, p < 0.01, 
I2 = 14%) and (Figure 6); loads (low [< 30%1RM]: SMD = 0.49, 95% 
CI = 0.28–0.69, p < 0.01, I2 = 0%; moderate [30–70%1RM]: 
SMD = 0.37, 95% CI = 0.20–0.54, p < 0.01, I2 = 0%; high [> 70%1RM]: 
SMD = 0.39, 95% CI = 0.27–0.51, p < 0.01, I2 = 0%) and muscle 
groups (upper body: SMD = 0.32, 95% CI = 0.22–0.42, p < 0.01, 
I2 = 4%; lower body: SMD = 0.54, 95% CI = 0.38–0.69, p < 0.01, 
I2 = 37%), no significant differences were observed between these 
subgroups (all p > 0.01) (Figure 6).

3.3.2 Mean power output
This meta-analysis reported that caffeine significantly increased 

MPO during resistance exercises (SMD = 0.21, 95% CI: 0.12–0.30, 
p < 0.05, I2 = 14%) (Figure 7). Subgroup analysis showed significant 
improvements across sexes (male: SMD = 0.26, 95% CI: 0.15–0.37, 
p < 0.01, I2 = 0%; female: SMD = 0.16, 95% CI: −0.002–0.32, 
p = 0.05, I2 = 0%), caffeine doses (low [≤ 3 mg/kg]: SMD = 0.16, 95% 
CI: −0.0004–0.32, p = 0.06, I2 = 0%, moderate [> 3 mg/kg to ≤ 6 mg/
kg]: SMD = 0.19, 95% CI: 0.09–0.31, p < 0.01, I2 = 0%, high [> 6 mg/
kg]: SMD = 0.45, 95% CI: 0.19–0.71, p < 0.01, I2 = 0%), habitual 
caffeine consumption (naïve-to-mild [< 3 mg/kg]: SMD = 0.35, 95% 
CI = 0.20–0.49, p < 0.01, I2 = 0%, moderate-to-high (≥ 3 mg/kg/
day): SMD = 0.16, 95% CI = 0.05–0.27, p < 0.01, I2 = 0%), muscle 
groups (upper body: SMD = 0.20, 95% CI: 0.09–0.31, p < 0.01, 
I2 = 0%; lower body: SMD = 0.22, 95% CI: 0.10–0.34, p < 0.01, 
I2 = 0%), and loads (low [< 30%1RM]: SMD = 0.17, 95% CI: 0.01–
0.33, p = 0.04, I2 = 0%, moderate [30–70%1RM]: SMD = 0.22, 95% 
CI: 0.06–0.37, p < 0.01, I2 = 0%, high [> 70%1RM]: SMD = 0.22, 95% 
CI: 0.10–0.34, p < 0.01, I2 = 0%) (Figure 8). However, no significant 
differences were observed between subgroups across these factors 
(all p > 0.05) (Figure 8).
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3.4 Sensitivity analysis

Sensitivity analysis was conducted by sequentially excluding 
each included study, revealing that the effect of caffeine on MV and 
MPO remained significant (all p  < 0.05) (Supplementary Figures 
S1–S20).

4 Discussion

The main findings showed that caffeine significantly improves 
both MV and MPO during resistance exercise for various sex (male 
and female), doses (≤3 mg/kg, > 3 mg/kg to ≤ 6 mg/kg, and > 6 mg/
kg), habitual caffeine consumption (<3 mg/kg/day and ≥ 3 mg/kg/
day), muscle groups (upper and lower bodies) and loads (low [<30% 
1RM], moderate [30–70% 1RM], and high [>70% 1RM]) (all p < 0.05). 
Notably, the performance-enhancing effect of caffeine on MV was 
superior in males and habitual caffeine consumption < 3 mg/kg/day 
(all p < 0.05 for subgroup comparisons). These results further 

demonstrate the effectiveness of caffeine in enhancing muscular 
power during resistance exercises.

4.1 Muscular power outcomes

Our meta-analysis revealed that caffeine significantly enhances 
both MV and MPO during resistance exercises, with small effect 
sizes of 0.42 and 0.21, respectively (Figures 5, 6). The observations 
align with previous meta-analyses reporting comparable 
improvements (SMD = 0.62 for muscular power) (12). The 
ergogenic effects of caffeine may be  attributed to several 
mechanisms: (a) increased excitability of the corticospinal tract 
(39), enhancing motor unit recruitment, firing frequency, and 
muscle fiber conduction velocity (40, 41); (b) antagonism of 
adenosine receptors, resulting in lower ratings of perceived 
exertion and pain perception (6, 13); and (c) enhanced function of 
sodium-potassium and calcium pumps, improving excitation-
contraction coupling (42, 43). These mechanisms collectively 

FIGURE 1

PRISMA flow diagram showing study selection.
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TABLE 1  Characteristics of the included studies.

Study Sample + 
age 

(yrs) + level

Habitual 
caffeine 
intake

Caffeine 
withdrawal 

(days)

Blinding Caffeine form + 
dose (mg/
kg) + timing 
(min)

Comparator Exercise 
protocol

Outcomes

Montalvo-

Alonso 

et al., 2024 

(17)

38 M/38 F; 

26.5 ± 8.5; 

resistance-trained

5.6 ± 4.25 mg/

kg/day
3 Triple blind Liquid; 6; 60

Placebo 

(maltodextrin)

Bench press and back 

squat in 25, 50, 75 and 

90% 1RM

↑ MV (25% 1RM, F); MPO (50–75% 1RM, F) in bench press

↑ MV (50–90% 1RM, F and M); MPO (50–90% 1RM, F and M); in back 

squat

→ MPO (25 and 90% 1RM, F); MV (50 and 90% 1RM, F); MV (25–90% 

1RM, M); MPO (25–90% 1RM, M) in bench press

→ MV (25% 1RM, F and M); MPO (25% 1RM, F and M) in back squat

Krawczyk 

et al., 2022 

(19)

6 M/4 F; 

26.4 ± 5.3/ 

20.8 ± 1.5; 

resistance-trained

2.6 ± 2.2 mg/

kg/day
3 Double blind Caffeine; 3 and 6; 60 Placebo (N.A.)

Bench press in 50% 

1RM
↑ MV (3 mg/kg); → MV (6 mg/kg)

Filip-

Stachnik 

et al., 2022 

(20)

12 F; 23.3 ± 0.8; 

recreationally 

active

5.7 ± 2.0 mg/

kg/day
3–7 Double blind Capsules; 3 and 6; 60 Placebo (flour)

Bench press in 50% 

1RM
↑ MV (3 and 6 mg/kg)

Filip-

Stachnik 

et al., 2021 

(21)

12 M; 25.2 ± 1.3; 

resistance-trained

5.3 ± 1.4 mg/

kg/day
1 Double blind Capsules; 9 and 12; 60 Placebo (flour)

Bench press throw in 

30% 1RM
↑ MV (9 and 12 mg/kg)

Filip-

Stachnik 

et al., 2021 

(22)

13 M; 21.9 ± 1.2; 

recreationally 

active

1.6 ± 0.6 mg/

kg/day
7 Double blind Capsules; 3 and 6; 60 Placebo (flour)

Bench press in 70% 

1RM
↑ MV; MPO

Wilk et al., 

2020 (23)

12 M; 25.3 ± 1.7; 

resistance-trained
4–6 mg/kg/day 7 Double blind Capsules; 3 and 6; 60 Placebo (flour)

Bench press throw in 

30% 1RM
↑ MV (3 and 6 mg/kg); MPO (3 and 6 mg/kg); MV (6 mg/kg)

Giraldez-

Costas 

et al., 2020 

(24)

9 M/3 F; 29 ± 8; 

recreationally 

active

<100 mg/day 5 Double blind Capsules; 3; 60
Placebo (inert 

substance)

Bench press in 70% 

1RM
↑ MV, MPO

Venier 

et al., 2019 

(37)

19 M; 24 ± 5; 

recreationally 

active

67 ± 85 mg/

day
3–6 Double blind Gum; 3; 15

Placebo (caffeine-

free gum)

Bench press in 50, 75 

and 90% 1RM
↑ MV (50–90% 1RM)

Wilk et al., 

2019 (25)

19 M; 26.8 ± 6.2; 

resistance-trained

5.2 ± 1.2 mg/

kg/day
7 Double blind Capsules; 3, 6, and 9; 60 Placebo (flour)

Bench press in 50% 

1RM

↑ MPO (6 and 9 mg/kg);

→ MV (3, 6 and 9 mg/kg); MPO (3 mg/kg)

(Continued)
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TABLE 1  (Continued)

Study Sample + 
age 

(yrs) + level

Habitual 
caffeine 
intake

Caffeine 
withdrawal 

(days)

Blinding Caffeine form + 
dose (mg/
kg) + timing 
(min)

Comparator Exercise 
protocol

Outcomes

Ruiz-

Fernández 

et al., 2023 

(18)

10 M/10 F; 

22.9 ± 3.6; 

resistance-trained

632 ± 490 mg/

day
3 Double blind Liquid; 3; 60

Placebo 

(maltodextrin)

Bench press and back 

squat in 25, 50, 75 and 

90% 1RM

↑ MV (75–90% 1RM); MPO (75–90% 1RM) in bench press

↑ MV (25–90%1RM); MPO (75–90% 1RM) in back squat

→ MV (25–50% 1RM); MPO (25–50% 1RM) in bench press

→MPO (25–50% 1RM) in back squat

Pallares 

et al., 2013 

(28)

13 M; 21.9 ± 2.9; 

resistance-trained
≤70 mg/kg 2 Double blind Capsules; 3, 6, and 9; 60 Placebo (dextrose)

Bench press and back 

squat in 25, 50, 75 and 

90% 1RM

↑ MV (3, 6 and 9 mg/kg, 25–50% 1RM); MPO (3, 6 and 9 mg/kg, 25–

50% 1RM); MV (6, 9 mg/kg, 75% 1RM); MV (9 mg/kg, 90% 1RM) in 

bench press

↑ MV (3, 6 and 9 mg/kg, 25–75% 1RM); MV (6, 9 mg/kg, 90% 1RM) in 

back squat

→ MV (3 mg/kg, 75–90% 1RM); MV (6 mg/kg, 90% 1RM); MPO (3, 6 

and 9 mg/kg, 75–90% 1RM) in bench press

→ MV (3 mg/kg, 90% 1RM); MPO (3, 6 and 9 mg/kg, 25–90% 1RM) in 

back squat

Mora-

Rodríguez 

et al., 2012 

(38)

12 M; 19.7 ± 2.8; 

resistance-trained
≤60 mg/kg 1–1.5 Double blind Capsules; 3; 60 Placebo (dextrose)

75% 1RM and loads 

that elicited a velocity 

of 1 m·s−1 in bench 

press and back squat

↑ MV in bench press and back squat

↑, increase; →, no difference; BP, bench press; F, females; M, males; MPO, mean power output; MV, mean velocity; N.A., not available; 1RM, one repetition maximum; SQ, squat.
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enhance muscle force production and increase muscular power 
during resistance exercises. Our observed effect size for MV 
(SMD = 0.40; Figure  5) was lower than some prior reports 
(SMD = 0.80), possibly because we included studies with moderate-
to-high habitual caffeine consumers (≥ 3 mg/kg/day) (20, 22, 23, 
25), who may exhibit reduced responsiveness. Supporting this, our 
subgroup analysis revealed larger effects in naïve-to-mild caffeine 

consumers (SMD = 0.80) compared to moderate-to-high 
consumers (SMD = 0.19) (Figure 6). Recent reviews also indicate 
caffeine has a more pronounced effect on muscular power than on 
1RM (13, 14). Our findings support this, with effect sizes for 
muscular power outcomes (SMD: 0.21–0.40) slightly exceeding 
those previously reported for 1RM (SMD: 0.17–0.20) (10, 11). This 
may be due to the lower external loads used in power-based testing, 

FIGURE 2

Risk of bias summary of included studies. D1, Bias arising from the randomization process; D2, Bias due to deviations from intended intervention; D3, 
Bias due to missing outcome data; D4, Bias in outcome measurement. D5: Bias in selection of the reported result.

https://doi.org/10.3389/fnut.2025.1686283
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Xiao et al.� 10.3389/fnut.2025.1686283

Frontiers in Nutrition 08 frontiersin.org

which may allow for greater neural and contractile improvements 
from caffeine intake (44). Overall, our findings reinforce that 
caffeine effectively improves muscular power during resistance 
exercise, particularly in individuals with low habitual caffeine  
consumption.

4.2 Potential factors

4.2.1 Sex
Caffeine had a significantly greater effect on MV in males than 

females (SMD: 0.56 vs. 0.22) (Figure 6). Caffeine had a significantly 
greater effect on MV in males than females (SMD: 0.56 vs. 0.22) 
(Figure 6). This observation is consistent with recent previous meta-
analyses reporting that caffeine significantly increased 1RM during 
resistance exercise in males (p  = 0.01–0.03) but not in females 
(p = 0.29–0.57) (11, 45). One possible explanation is that hormonal 
fluctuations across the menstrual cycle, which may impair caffeine 

metabolism and reduce its ergogenic effects in women (46). However, 
as only two studies in our review exclusively included female groups 
(17, 20), the robustness of this conclusion is limited. Further research 
is needed to clarify sex-specific responses to caffeine during 
resistance exercise.

4.2.2 Dose
Our subgroup analysis revealed a dose-dependent effect of 

caffeine on MV, with high doses (> 6 mg/kg) producing relatively 
larger effect sizes than moderate-to-low doses (1–6 mg/kg) (SMD: 
0.78 vs. 0.31–0.43) (Figure 6). This aligns with a previous study where 
both 3 mg/kg and 6 mg/kg failed to increase MV during bench press 
at 90% 1RM, but 9 mg/kg was effective (28). Notably, most high-dose 
studies in our review involved moderate habitual caffeine consumers 
(≥ 3 mg/kg/day) (22, 25), making it unclear whether comparable 
effects would be observed in caffeine-naïve individuals. Nonetheless, 
these high-dose studies also reported relatively high incidence of side 
effects (9–12 mg/kg) (22, 25, 28), particularly tachycardia and heart 
palpitations (17–83%), anxiety or nervousness (13–83%), and 
increased urine output (25–62%). Another review likewise reported 
higher incidences of tachycardia and heart palpitations (83% vs. 
12–24%) and headaches (30% vs. 5–14%) compared to lower doses (≤ 
6 mg/kg) (47). Overall, although our results indicate that the side 
effects of high caffeine doses may not outweigh their ergogenic effects, 
future research should quantify the balance of benefits and risks across 
different populations. In practice, individual caffeine sensitivity must 
be considered when devising effective and safe personalized caffeine 
intake strategies.

4.2.3 Habitual caffeine consumption
Subgroup analysis reported that caffeine improves MV and MPO 

in both groups, but the effect (MV: 0.87 vs. 0.21, MPO: 0.35 vs. 0.16) 
is significantly larger in naïve-to-mild consumers (< 3 mg/kg/day) 
than in moderate-to-high consumers (≥ 3 mg/kg/day) (Figures 6, 8). 
This may be due to tolerance developed through habitual caffeine 
intake, potentially due to upregulation of adenosine receptors (15, 48, 
49). Previous research has indicated that consuming of 3 mg/kg/day 
of caffeine for 15 days can increase individual tolerance, thereby 
reducing its ergogenic effect on peak cycling power during incremental 
exercise (29). Therefore, athletes are advised to limit daily caffeine 
intake to preserve its acute performance-enhancing effects during  
competition.

4.2.4 Muscle group
Muscle group significantly moderated the effect of caffeine on 

MV during resistance exercise, with larger effect sizes observed for 
lower body compared to upper body (SMD: 0.54 vs. 0.32; Figure 6). 
This aligns with a previous meta-analysis showing larger caffeine-
induced improvements in lower-body MVC strength (50). This 
difference may be attributed to variations in muscle mass. It has 
been reported that larger muscle groups, such as the knee 
extensors, have more capacity for improvement in voluntary 
activation levels (85–95%) compared to smaller groups like the 
elbow flexors (90–99%) (30). Through its antagonistic action in the 
central nervous system, caffeine enhances neural signaling (51), 
resulting in greater activation of lower body muscles compared to 
the upper body.

FIGURE 3

Funnel plot of standard mean difference against standard error for 
mean velocity. SE, Standard error of the mean difference; SMD, 
Standard mean difference.

FIGURE 4

Funnel plot of standard mean difference against standard error for 
mean power output. SE, Standard error of the mean difference; SMD, 
Standard mean difference.
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4.2.5 Loads
A previous meta-analysis found that caffeine enhances MV across 

a wide range of loads (25–90% 1RM) during resistance exercise (12). 
Consistent with this, our results revealed that caffeine significantly 
increased MV and MPO, regardless of load (Figures 7, 8). Considering 
that different loads target distinct training adaptations—low (0–30% 
1RM) for power-focused movements such as bench press throws or 
vertical jumps, moderate (40–70% 1RM) for muscular power in 
exercises like bench press and back squat, and high (>70% 1RM) for 
maximum strength (35, 36)—our findings suggests that caffeine 
consumption is an effective strategy to boost performance across all 
resistance training intensities.

4.3 Limitations and future considerations

Several limitations of this study should be acknowledged. Firstly, 
we did not consider the influence of participants’ genetic types on 
caffeine responsiveness. Existing research has found that carriers of 
the AA genotype may be  more sensitive to caffeine’s ergogenic 
effects compared to those with CC or AC genotypes (15, 52). 
Secondly, due to the limited number of available studies, we were 
unable to conduct subgroup analyses based on different forms of 
caffeine intake (e.g., capsules, tablets, and gum). Notably, caffeine 
gum may offer advantages such as a faster absorption rate and a 
lower incidence of side effects (27, 37, 53). Our previous study also 
found that caffeinated chewing gum (3 mg/kg) significantly 
improved maximal strength during resistance exercises (27), with a 
lower incidence of side effects (e.g., muscle soreness: 0% vs. 24%; 
insomnia: 6.3% vs. 34%) compared to a systematic review on low 

dose caffeine (0–3 mg/kg) (47). Future research should directly 
compare the effects of different intake forms to determine their 
effects on muscular power outcomes. Thirdly, since the studies 
included in our review primarily recruited young, healthy, 
resistance-trained men, these findings may not be  applicable to 
other populations, such as sedentary individuals, injured athletes, 
women, adolescents, or older adults. Further research is needed to 
address these gaps. Fourthly, since none of the included studies 
provided participant’s detailed dietary records during the 
experimental sessions, the possibility of additional caffeine sources 
(e.g., energy drinks and chocolate), cannot be excluded and may 
have influenced our results. Finally, although high-dose caffeine was 
associated with larger effect sizes, our analysis did not assess the 
incidence of side effects. This limits the practical significance of the 
results. Future research should examine the balance between 
performance benefits and adverse effects to better guide 
dosing recommendations.

5 Conclusion

This meta-analysis demonstrated that caffeine significantly 
enhances MV and MPO during resistance exercises across all loads. 
Subgroup analysis indicated that sex and habitual caffeine 
consumption, both modulate the effectiveness of caffeine on muscular 
power outcomes. Greater ergogenic effects were observed among 
males, and in individuals with habitual caffeine consumption < 3 mg/
kg/day. These findings underscore the importance of tailoring caffeine 
supplementation strategies to maximize muscular power gains during 
resistance exercise.

FIGURE 5

Effect of caffeine supplementation on mean velocity. The x-axis shows standardized mean differences (Hedge’s g) between caffeine and placebo 
conditions, with horizontal lines representing 95% confidence intervals (CI). “a” and “b” represent males and females, respectively.
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FIGURE 6

Subgroup analyses of mean velocity. K, the total number of effects included in the pooled effect size; SMD, Standardized Mean Difference; CI, 
confidence interval; p value, statistically significant p values for pooled results; p difference, p value of the difference between subgroups.

FIGURE 7

Effect of caffeine supplementation on mean power output. The x-axis shows standardized mean differences (Hedge’s g) between caffeine and placebo 
conditions, with horizontal lines representing 95% confidence intervals (CI). “a” and “b” represent males and females, respectively.
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