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Abstract

:

This study aimed to determine the effect of 3 mg.kg−1 acute caffeine ingestion on muscular strength, power and strength endurance and the repeatability of potential ergogenic effects across multiple trials. Twenty-two university standard male rugby union players (20 ± 2 years) completed the study. Using a double-blind, randomized, and counterbalanced within-subject experimental design. Participants completed six experimental trials (three caffeine and three placebo) where force time characteristic of the Isometric Mid-Thigh Pull (IMTP), Countermovement Jump (CMJ) and Drop Jumps (DJ) were assessed followed by assessments of Chest Press (CP), Shoulder Press (SP), Squats (SQ), and Deadlifts (DL) Repetitions Until Failure (RTF at 70% 1 RM). ANOVA indicated that caffeine improved both the CMJ and DJ (p < 0.044) and increased RTF in all RTF assessments (p < 0.002). When individual caffeine trials were compared to corresponding placebo trials, effect sizes ranged from trivial-large favoring caffeine irrespective of a main effect of treatment being identified in the ANOVA. These results demonstrate for the first time that the performance enhancing effects of caffeine may not be repeatable between days, where our data uniquely indicates that this is in part attributable to between sessions variation in caffeine’s ergogenic potential.
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1. Introduction


The ergogenic potential of caffeine to evoke improved physical and cognitive performance has been firmly established [1,2,3]. Numerous meta-analyses have demonstrated small but significant improvements in endurance [4,5], muscular function [5,6,7] and sport-specific skills [8,9] following acute caffeine ingestion. As such, caffeine has become a popular nutritional supplement to improve sports performance [9,10,11].



Despite well-established and overwhelmingly reported beneficial effects, there remains a wealth of evidence indicating limited or no acute caffeine effects on measures of muscular strength and power [1,5,8,12] and are considered more equivocal compared to other physical performance measures. Equivocal results have been attributed to methodological discrepancies such as the muscle group assessed, methods of quantifying strength/power, participants caffeine consumption habits, training status, the dosage of caffeine administrated, and genotype variation [2,6,13,14,15]. Consequently, researchers continue to investigate the ergogenic effects of caffeine to optimize its performance-enhancing potential.



Where caffeine has been shown to elicit beneficial effects on muscular strength and power performance, effects are generally small in magnitude [2,5,6,7] and conclusions drawn from studies with low sample sizes. Although studies in this area generally employ established methods that are validated and reliable, many studies fail to consider the test–retest reliability of the assessment methods in the specific population examined [16,17,18,19]. Such methodological issues may impact the ability to accurately assess changes following acute caffeine consumption due to the variation in the assessment measure, which may be further compounded by daily variation in an individual’s caffeine response. It is reasonable to believe that an individual’s response to caffeine may differ depending on mood, motivation, and level of fatigue (inclusive of sleep). Mood [20], motivation [21] and fatigue [22,23,24] independently influence exercise performance and acute caffeine ingestion has been shown to increase mood [25,26], increase motivation for exercise [27,28] and reduce feelings of fatigue [29], which in part accounts its performance enhancing effect.



Almost exclusively, previous work examining the acute effects of caffeine has compared performance in a single treatment trial to that of a controlled trial (i.e., placebo/non-caffeine trial) [2,30,31], where error introduced by variation in repeatability in the assessed outcomes and variation in response to caffeine ingestion may result in misleading conclusions when attempting to measure small effects. The present study is the first to investigate the acute effects of the same caffeine dose over multiple trials, and as such, will uniquely identify potential between daily variation in caffeine erogeneity and its influences on drawing meaningful conclusion regarding its performance enhancing effect.



Given that the effect of caffeine may be influenced by assessment mode, contraction modality and maybe muscle group-specific [32,33,34], the present study will examine the repeatability of caffeine’s ergogenic effects on the force-time characteristics of the isometric-mid thigh pull (IMTP), countermovement jump (CMJ), and drop jump (DJ). Strength endurance will be assessed using repetitions until failure (RTF) assessment of upper and lower body muscle groups. Benefits of caffeine have been previously demonstrated individually for these exercises [5,6,7,35,36]. This study therefore provides novel insight with respect to the effect of acute caffeine ingestion on measures of muscular strength and power and more specifically aimed to (i) determine the effect of 3 mg.kg−1 acute caffeine ingestion on muscular strength, power, and strength endurance, (ii) to determine if 3 mg.kg−1 caffeine on muscle functions is repeatable across multiple trials.




2. Materials and Methods


2.1. Participants


Following ethics approval from the host institute [P94037] and written informed consent, 40 apparently healthy participants from the Coventry University Men’s Rugby Union team participated in the study. Participants completed a health screen questionnaire at each visit and were excluded if suffering from a musculoskeletal injury that prevented safe completion of the exercise trials, consumed psychoactive medication, or had any other underlying contradictions to exercise. From the original sample, 18 dropped out due to injury (n = 8) (unrelated to the experimental protocol), illness (n = 3), or for reasons unstated (n = 7) leaving a sample of 22 (Mean ± SD Age (years) 20 ± 2; Height (cm) 181 ± 7; Body Mass (kg) 91 ± 23). Participants completed a caffeine consumption questionnaire [37] to provide an estimate of typical daily consumption habits. On average, participants consumed 118 ± 88 mg per day (moderate range: 104–183) with 8 participants reporting no caffeine use.




2.2. Experimental Design


Participants were asked to attend the research facility at the host institute on nine separate occasions (Figure 1). Initially, an assessment of one repetition maximal strength (1 RM) was conducted followed by reassessment of 1 RM and familiarisation to the experimental procedures. Following this, the repeatability of acute caffeine effects on muscular strength, power and muscular endurance was assessed across 6 experimental trials (3 caffeine & 3 placebo) using a double-blind, randomized, and counterbalanced within-subject experimental design. Upon completion of the experimental trials, a subsequent 1 RM re-test was completed to identify potential training effect induced by multiple trials.



Participants were asked to abstain from caffeine and intense physical exercise for 12 and 48 h, respectively, in accordance with previous work [26]. When prescribed, participants consumed either caffeine (3 mg.kg−1; Myprotein, Manchester, UK) or a placebo (3 mg.kg−1; maltodextrin; Myprotein, UK). In each case, the required dose was determined for each individual and transferred to a transparent gelatin capsule (BulkTM, Colchester, UK). 3 mg.kg−1 is regularly cited as a minimal dose needed to evoke a physical performance enhancement [4,38] and previously used when assessing caffeine’s effect on muscular strength and power [5,6,7].




2.3. RM


Participants completed a 1 RM for Chest Press (CP), Shoulder Press (SP), Squats (SQ) and Deadlifts (DL), assessments that have been used previously to evaluate acute effects of caffeine on muscle function [39]. Participants conducted a warmup including static and dynamic stretches with inclusive 8–10 unweighted warm-up repetitions using a 20 kg Eleiko bar (Pullum Power Sports, Luton, UK). All participants received a demonstration of the correct lifting techniques [40]. All participants had previous experience with all exercises. A trained researcher/spotter was present to ensure safety and proper range of motion. Exercises were completed in the following order CP, DL, SP, then SQ. Prior to 1 RM attempts participants estimated 50% and completed 3–5 repetitions, progressing to 70% for 1–3 repetitions, and onto 90% for 1 repetition. 1 RM was determined by progressively increasing the weight (minimum of 2.5 kg incline) [18] lifted until the participant failed to lift the set of weights through a full range of motion [41] and/or the technique did not correspond to guidelines for the execution of the exercises as outlined by Baechle and Earle [40]. Exercises was altered between upper and lower body to alleviate fatigue with a minimum of 1-min rest between attempts and 5 min between lifts [42].




2.4. Familiarisation


Initially, participants removed shoes and heavy clothing, and measures of height (cm) and body mass (kg) were taken using a stadiometer (SECA 213, Hamburg, Germany) and electronic weighing scales (SECA 803, Hamburg, Germany) respectively. 1 RM was then reassessed and then participants familiarised to the CMJ, DJ, IMTP, and RTF testing procedures.




2.5. Countermovement Jump


CMJ’s were performed on two PASCO force plates (PASCO, Scientific, Roseville, CA, USA) sampling at 1000 Hz. Participants were instructed to have their arms akimbo (fixed on the hips) and to remain this way during the movement. Participants started on the force plates in a standing upright position and executed the movement following at least 1 s of quiet standing [43]. Participants were instructed to jump as high and as fast as possible. All participants completed three successful jumps with a minimum of 30 s rest between attempts. Raw vertical force time data was collected and exported from PASCO Capstone software (Capstone software version 1.13.4). Data was mathematically integrated as per the procedure outlined by Chavda et al. [44]. Jump height (JH) (m) was determined from take-off velocity (TOV) (JH = TOV2/2 g) [44,45,46]. Where TOV is the vertical velocity (V) at take-off (TO) and g is the gravitational acceleration (9.81 m.sec−2). Using the attempt that elicited the greatest JH, reactive strength index modified (RSI mod) (JH /Time to TO), Peak Force (PF) (greatest Vertical Force (Fz) prior to TO), Peak Power (PP), Concentric Impulse (Ns) and Eccentric Impulse (Ns) were determined as be the procedures outlined by Chavda et al. [44] with PF and PP being presented relative to body mass.




2.6. Drop Jump


DJs were performed on two bilateral PASCO force plates sampling at 1000 Hz. Participants started standing upright on a box 45 cm off the ground compensating for the height of the force plate (5 cm) resulting in a 40 cm drop height. Participants with arms akimbo remained in this position through the entire jump. Participants were instructed to jump as high and as fast as possible and executed the movement by stepping off the box with their dominant leg leading and upon landing, instantaneously performed a maximal vertical jump. A successful DJ was determined by the arms being akimbo, stepping off the box leading with the dominant leg, and upon landing on the two force plates simultaneously. Jumps that deviated from this were repeated. Participants completed 3 successful jumps, separated by a minimum of 30 s rest. Backwards integration (BI) of raw unfiltered vertical force time data, as per the method outline by Wade et al. [47], was used to determine vertical velocity of the centre of mass. From which JH was determined via TOV. Using the attempt that elicited the highest JH, PF, PP, and RSI were determined as per published methods [47,48].




2.7. Isometric Mid-Thigh Pull


IMTPs were performed on floor integrated triaxle force plates (AMTI, ACP-A, Waterton, MA, USA) sampling at 1000 Hz. IMTP was assessed using a custom-built steel rack fixed to the ground. Participants were asked to stand with a knee angle of 135–145° and a hip angle of 140–150° [49,50] with their shoulders placed above the bar [51]. Joint angles were checked using a goniometer. Lifting straps were used to reduce the loss of grip [52]. Following the collection of a stable force trace, participants pulled upwards in a maximal fashion [52] for a duration of ~5 s then rested for 2 min in-between repetitions [49]. Participants received loud verbal encouragement. Participants completed three successful attempts and were reassessed if there was evidence of a countermovement [49,53]. Raw unfiltered vertical force data were extracted for analysis using AMTINetForce software (AMTI Bio Analysis Software, NetForce, 2.4.0). Analysis was performed on the attempt that elicited the highest peak force. Initiation of movement was determined by using a 5 SD threshold calculated from 1 s of quiet standing force gathered prior to each pull attempt [50,53]. PF (N.Kg), Time to Peak Force (TTPF) (second), PF (N) at 100 m/s (F100) and 300 (F300) m/s were calculated. These variables were chosen to provide theoretical representation of an individual’s ability to produce maximal force and perform tasks associated with slow and fast stretch-shortening cycles [54].




2.8. Resistance Exercise


Following the warm-up outlined in the 1 RM protocol, participants completed an RTF assessment of CP, SP, SQ, and DL. Participants completed two sets of RTFs at 70% 1 RM as per previous work [25,26,55]. Previous work using RTF protocol commonly use loads of 60–80% of 1 RM [56,57] given such loads have suggested to be effective for improving muscular strength and endurance [58]. A trained researcher/spotter was present during all resistance exercises ensuring proper range of motion and any lift that deviated from guideline outlined by Baechle and Earle [40] was not counted. Exercises were completed in the following order: CP, DL, SP then SQ altering from upper to lower body. There was a minimum of 2-min rest in-between exercises and a 10-min rest between circuits. Total repetitions were recorded on completion of each exercise and RPE assessed using the Borg scale [59].




2.9. Experimental Trials


Prior to completing the exercises outlined above, participants ingested either a caffeine or a placebo treatment 45-min prior to experimental trials [2] as maximal blood plasma concentration of caffeine occurs 40–60 min post-consumption [38,60]. Readiness to Invest Effort (RTE) Physical and Mental [26] and Felt arousal scale (FAS) [61] were completed pre-and 45 min post ingestion (Figure 2) to assess state motivation and arousal levels prior to exercise.




2.10. Data Analysis


Data analysis was performed using Statistical Package for the Social Sciences (IBM SPSS Statistics Version 25) and Excel (Microsoft Windows Version 16.41 2020). In order to identify a potential training effect from continuous bouts of resistance exercise pre-and-post-experimental 1-RM performance was evaluated using paired t-test. Test-re-test reliability of each variable was measured between all placebo trials (T1, T2, and T3) and caffeine trials (T1, T2, and T3). For each comparison, Interclass correlation (ICC) was performed, and 95% CI determined, with reliability being classed as: Poor (<0.50), Moderate (0.50–0.74), Good (0.75–0.89), and Excellent (0.90<) [62]. Coefficient of Variation (CV) was determined using the equation SD ÷ the Mean x 100 [63]. Bland–Altman’s assessment and 95% limits of agreement was also determined [64,65]. In order to determine the effects of caffeine, RTE and FAS were assessed using a 3-factor repeated-measures ANOVA with Treatment (caffeine or placebo), Trial (Trial 1, 2 or 3), and Time (pre-and post-ingestion) as factors. Acute effects of caffeine on CMJ, DJ, and IMTP were analysed using a 2-factor repeated measure ANOVA with Treatment (caffeine or placebo) and Trial (Trial 1, 2, or 3) as factors. RTF and RPE were analysed using a 3-factor repeated-measures ANOVA with Treatment (caffeine or placebo), Trial (Trial 1, 2 or 3), and Set (Set1 or Set2) as factors. For ANOVA, Greenhouse-Geisser adjustment was interpreted when Sphericity was violated, and relevant significant main effects and interactions were explored via Bonferroni adjusted pairwise comparisons. For ANOVA, Partial eta squared (η2) was reported with as a measures of effect size [66] and was categorised as small (0.01), medium (0.06), and large (0.14) [67]. Effect Size for pairwise comparison were explored by determining Cohen’s d corrected for bias using Hedge’s g [68]. Hedge’s g effect size (ES) was interpreted as trivial <0.20, small 0.20–0.49, medium 0.50–0.79, and large >0.80 [69]. Data were presented as Mean ± SD with statistical significance set at a level of p < 0.05.





3. Results


3.1. Effect of Experimental Trials on Maximal Strength


Upon completion of the study 1 RM performance did not statistically differ to that prior to completion of the experimental trials in any of the assessed lifts (Figure 3. CP: p = 0.437 (ES = 0.22), SP: p = 0.149 (ES = 0.39), SQ: p = 0.051 (ES = 0.61), DL: p = 0.162 (ES= 0.44).




3.2. Effect of Caffeine on Arousal and Motivation


Test–retest reliability of the perceptual measures ranged from poor to moderate (Supplementary Table S1: ICC < 0.734, CI = −0.448−0.880) across both treatments. The reported range for CV across placebo trials 19.6–44.2% whereas caffeine trials ranged from 12–34.3%. Bland–Altman’s analysis indicated that both placebo and caffeine trials Lo-Up LOA had high and moderate variation across the measures (Supplementary Table S1).



For RTE Physical, RTE Mental, and FAS there were no significant Treatment*Trial*Time (Table 1: p > 0.190 ηp2 < 0.076) or Trial*Time (Table 1: p > 0.228 ηp2 < 0.068) interactions. For RTE Mental and FAS there were no Treatment*Trial interactions (Table 1: p > 0.068 ηp2 < 0.239). However, there was a Treatment*Trial (Table 1: p = 0.019 ηp2 = 0.171) interaction for RTE Physical with pairwise comparison indicating higher RTE Physical in the caffeine trials (Table 1: p < 0.013 d > 0.17). Furthermore, RTE Physical, RTE Mental, and FAS there was an interaction between Treatment*Time (Table 1: p < 0.050 ηp2 > 0.170). Pairwise comparison for RTE Mental revealed an increase pre-and post-ingestion in the caffeine trial (Table 1: p < 0.033 d > 0.26) but RTE Physical and FAS was only higher with caffeine post-ingestion (Table 1: p < 0.006 d > 0.24). For RTE mental and FAS there was no main effect of Trial (Table 1: p > 0.064 ηp2 < 0.123).




3.3. Effect of Caffeine on Countermovement Jump Performance


Test re-test reliability of CMJ measures ranged from good to excellent across both treatments (Supplementary Table S2: ICC > 0.901, CI = 0.485–0.972) apart from RSI (mod), where the ICC was moderate (Supplementary Table S2: ICC < 0.716, CI = 0.355–0.855) for the placebo trials. For all variables the range of CV for placebo trials were 5–18.1% whereas the caffeine trials CV ranged from 5.3–16.4%. Bland–Altman’s analysis indicated consistency in the level of agreement across measures between caffeine and placebo (Supplementary Table S2).



In all cases there was no significant interactions between Treatment*Trial (Table 2: p < 0.873 ηp2 < 0.096) or no main effect of Trials (Table 2: p < 0.923 ηp2 < 0.100). For eccentric impulse (Ns) there was no effect of treatment (Table 2: p = 0.771 ηp2 = 0.004). However, JH (m), RSI (mod), PF (N.kg), PP (W.kg), and concentric impulse (Ns) were all higher following caffeine treatment (Table 2: p < 0.044 ηp2 > 0.179).




3.4. Effect of Caffeine on Drop Jump Performance


Test re-test reliability of DJ measures ranged from poor to moderate across both treatments (Supplementary Table S3: ICC < 0.665, CI = −0.257–0.665) apart from RSI where the ICC was good and excellent reliability (Supplementary Table S3: ICC > 0.857, CI = −0.687–0.982). For all variables, the CV for the placebo trials ranged from 7–26% whereas caffeine trials ranged from 7.8–25.1%. Bland–Altman analysis indicated consistency in the level of agreement across measures between caffeine and placebo (Supplementary Table S3).



In all cases there was no Treatment*Trial interactions (Table 3: p < 0.924 ηp2 < 0.027) and no main effects of Trial (Table 3: p < 0.876 ηp2 < 0.047). For, RSI and PF there was no effect of Treatment (Table 3: p < 0.633 ηp2 < 0.094) however, JH and PP were higher in the caffeine (Table 3: p < 0.042 ηp2 > 0.183).




3.5. Effects of Caffeine on Isometric Mid-Thigh Pull


Test–retest reliability of IMTP measure of TTPF and F100, during both treatments was varied (Supplementary Table S4: ICC < 0.800, CI = −0.339−0.912) apart from PF during caffeine trials which was good/excellent (Supplementary Table S4: ICC < 0.923, CI = 0.648–0.967) and F300 during placebo trials was moderate/good (Supplementary Table S4: ICC < 0.800, CI = 0.404–0.912). The CV for placebo trials ranged from 8–39.1% whereas CV in the caffeine trials ranged from 4.3–39.8%. Bland–Altman’s analysis indicated consistency in the level of agreement across measures between caffeine and placebo trials (Supplementary Table S4).



There was no Treatment*Trial (Table 4: p < 0.970 ηp2 < 0.067) interaction, main effects of Trials (Table 4: p < 0.732 ηp2 < 0.052) or Treatment (Table 4: p < 0.705 ηp2 < 0.125) for any of the measured variable.




3.6. Effect of Caffeine on Repetition until Failure


Test–retest reliability of Set1 and Set2 CP, SP, SQ, and DL RTF during both treatments was varied (Supplementary Table S5: ICC < 0.746, CI = −0.178–0.899). The CV for placebo trials ranged from 11.2–22.9% whereas caffeine trials ranged from 8.7–23.7% Bland–Altman analysis for all variables during both treatments suggest a relatively high variability with LOA and mean bias (Supplementary Table S5).



For RTF CP, SP, DL, SQ there were no Treatment*Trial*Set (Table 5: p< 0.888 ηp2 < 0.061), Treatment*Trial (Table 5: p < 0.846 ηp2 < 0.065), Trial*Set (Table 5: p < 0.956 ηp2 < 0.006), and Treatment*Set (Table 5: p < 0.888, ηp2 < 0.017) interactions. However, for SQ RTF there was a Treatment*set (Table 5: p = 0.048 ηp2 = 0.174) interaction with pairwise comparison indicating caffeine trials had higher RTF (Table 5: p = 0.001 d < 0.28) as well higher performance in Set1 compared to Set2 in both cases (Table 5: p = 0.001 d < 0.25). In all cases there was no main effect of Trial (Table 5: p < 0.975 ηp2 < 0.119) apart from SP RTF (Table 5: p = 0.047 ηp2 = 0.136) with Trial 1 having a greater RTF. In all other cases RTF were greater in Set1 compared to Set2 (Table 5: p = 0.001 ηp2 > 0.710) and there was a main effect of Treatment (Table 5: p < 0.002 ηp2 > 0.365) where performance in the caffeine trial was improved.




3.7. Effect of Caffeine on Rate of Perceived Exertion


Test–retest reliability of Set1 and Set2 RPE was poor or moderate (Supplementary Table S6: ICC < 0.728, CI = −0.502–0.878). The CV for placebo trials ranged from 2.1–9.8% whereas caffeine trials ranged from 2.2–6.1%. Bland–Altman analysis for all Set1 and Set2 indicated consistency in the level of agreement across measures between caffeine and placebo trials (Supplementary Table S6).



In all cases there was no Treatment*Trial*Set (Table 6: p < 0.896 ηp2 = 0.055), Treatment*Set (Table 6: p > 0.107 ηp2 < 0.129), or Trial*Set (Table 6: p < 0.768 ηp2 < 0.102) and Treatment*Trial interactions (Table 6: p < 0.514 ηp2 < 0.075) apart from SQ which had a significant Treatment*Trial interaction (Table 6: p = 0.019 ηp2 = 0.173). Pairwise comparison indicated trial 2 Set1 RPE was significantly higher in the Placebo treatment than the Caffeine treatment (Table 6: p = 0.032 d = 0.098). All exercises had no main effect of Treatment (Table 6: p < 0.402 ηp2 < 0.115). CP, SP, and DL had no significant main effect between Trials (Table 6: p < 0.720 ηp2 < 0.183). In all cases, RPE was higher following completion of the second set (Table 6: p = 0.000 ηp2 < 0.842).





4. Discussion


The present study is unique in examining the test–retest reliability and repeatability of 3 mg.kg−1 acute caffeine consumption on measures of muscular function, offering important insight into performance-enhancing effects of caffeine When examined collectively across three repeated trails, caffeine enhanced specific measures of muscular strength, power, and strength endurance. However, when individual caffeine trials were compared to placebo, effects varied from trivial to large, irrespective of the main effect of treatment being identified via ANOVA. These finding therefore indicate that in some cases caffeine may elicit performance enhancing effects in some trials and not in others. Our data suggest that this varied response may be caused by a lack of reliability in selected outcome measures and/or between sessions variation in caffeine’s effect. These results may help to contextualise ambiguity in previous results examining the acute effects of caffeine on muscular strength and power, but importantly indicate a need for future work to assess the ergogenic potential of caffeine across multiple trials to prevent misleading conclusions and provide a more accurate understanding of caffeine’s effect.



4.1. Acute Effect of Caffeine on Muscular Strength and Power


The present study identified some overall treatment effects during measures of muscular function (e.g., CMJ JH, PF, and DJ JH, and PP in addition to RTF for all exercises were improved in the caffeine trial), and in some cases, there was no main effect of treatment but caffeine effects prevalent when single caffeine trials were compared to placebo (e.g., IMTP PF, TTPF, and F100). Although, it must be noted these effects were predominantly small (d > 0.20–0.49). Recent meta-analyses have identified the benefits of caffeine on measures of muscular strength and power, inclusive of CMJ, DJ, and RTF [5,6]. Effects of caffeine on IMTP performance have been considered far less frequently, however, the lack of effect following caffeine ingestion aligns with previous work by Burke et al. [70] who demonstrated 6 mg.kg−1 caffeine had no effect on IMTP performance of non-specifically resistance trained female but contradicts work by Harty et al. [71] who showed increased performance in a male population when supplemented with the same dose. When examined at the single trial level, caffeine elicited a small increase in performance on some occasions, however, this should be considered in the context of higher between session errors.



Performance enhancing effect of caffeine has been shown to be muscle group specific [1,5,72], with conflicting evidence proposing greater effect in the lower body muscle function compared to upper [1] or the reverse [5]. The present data fail to support differential effects for upper body and lower body musculature, with caffeine induced benefits prevalent in both upper (e.g., CP and SP, RTF) and lower limb measures (e.g., DJ JH and PP and CMJ RSI (mod), PF, PP, and concentric impulse) of muscle function. Our results do however support the idea of a contractile mode specific effect [33], with benefits evident for outcomes derived from dynamic muscle function assessments, but not in isometric tests (i.e., IMTP).



Though the purpose of this study was not to determine the mechanisms underpinning acute caffeine, some inferences can be made from examination of the perceptual measures. Benefits attributed to caffeine’s potential analgesic effects [4,73,74] can be ruled out, given that in most cases, caffeine induced benefits in RTF were apparent with limited changes in RPE. Despite evidence supporting caffeine suppressed perception of effort as a mechanism for improved performance [18,55,75] the current findings support previous work that contradicted this suggestion [4,73,74]. However, albeit it indirectly, data in the present study supports the idea that caffeine may impart elicit performance enhancing effects on dynamic muscular function via increasing excitatory neurotransmitters, with evidence of increased RTE and FAS post caffeine ingestion. Such effects are not always prevalent in previous work [73,76] which maybe a result of mixed between sessions reliability of perceptual measures as indicated in our data. However, results of the present study support the general idea that caffeine influences mood and motivation [26,77,78].




4.2. Reliability and Repeatability of Acute Caffeine Ingestion on Muscular Strength and Power


This present work is the first to examine the repeatability of caffeine’s acute effects on muscular function and it is evident from the data presented, that the beneficial effects of acute caffeine consumption may not be apparent when specific caffeine and placebo trials are compared. The present work therefore indicates that acute caffeine may not be repeatable, suggesting an overhaul in the experimental design typically utilised is assess caffeine ergogenicity may be needed to be able to accurately assess caffeine effect on performance, particularly where effects are likely to be small.



Despite meta-analyses identifying positive effects of acute caffeine consumption on muscular function [2], there are still a number of studies that fail to demonstrate an effect [16,77,79]. Ambiguity in findings has commonly been attributed to, genetic differences in caffeine metabolism [80], differences in dose and method of administration [7,15], performance level of the participants [5], and differences in the assessment methods [2,5,6]. Whilst these factors will likely influence the effect, our results infer that a primary contributor to conflicting results seen in previous work is a lack of between session reliability in the outcome measures utilised and between session disparities in caffeine’s effect, despite controlled conditions. Previous work almost exclusively assesses the effect of acute caffeine ingestion on performance using a single trial [2], which based on the variation in response seen in the present study, may result in misleading conclusions.



In the present study, no main effect of treatment was reported for some outcome measures (i.e., IMTP), however, there were trivial to large effects when specific caffeine trials were compared to placebo (e.g., IMTP PF, TTPF, and F100). Conversely, in other cases, trivial to large effects were prevalent for specific comparisons in the presence of a main effect of treatment (for example CMJ JH, PF and DJ JH, PP in addition to RTF of all exercises). Given that acute caffeine ingestion is typically associated with small significant increase in performance [2], it is evident from the data presented in the current study, that in some cases the varied effect can likely be attributed to an inability to accurately detect a difference (or lack of) in outcome measures that have lower or varied between session reliability. Whilst many of the assessments used in the present study are commonplace in previous work [1,2,5,6,7,35] and in most cases the between session reliability has been established in independent studies [19,81,82,83,84,85] many studies examining the acute effect of caffeine on muscle function fail to assess reliability of the chosen outcome measures in the specific population examined or justify between session reliability using previous work where the population may differ to that recruited.



Poor between session reliability is unlikely the only cause of the varied response to acute caffeine ingestion as such effects were still prevalent in cases where between session reliability was good/excellent. For example, CMJ JH, PF, PP, and concentric impulse were highly reliable and demonstrated a main effect of treatment, However, when individual caffeine trials were compared to placebo, effect sizes varied between trivial to small. Given that experimental trials were conducted in identical conditions, it is speculated that the variation in response may be a related to participants mood, motivation, diet and prior activity, factors which may influence caffeine erogenicity.



As previously outlined, caffeine has been shown to effect mood (i.e., alertness, vigor, arousal, and decreased levels of fatigue [25,26,86] and motivation for exercise [25,26,28,29] which may mechanistically account for improved performance. Furthermore, the link between arousal and optimal performance have long been theorised [20]. Pre exercise RTE and FAS measured in the present study varied between sessions, and the poor between session reliability likely reflects inter-individual differences in mood and motivation that are difficult to standardise. The current findings therefore suggest that either caffeine elicits greater effects in certain mood states and/or an inability to standardise mood effects the ability to detect change (or lack of).



Further contributing factors to the between session variation in caffeine’s effect may be attributable to fatigue state and pre-exercise diet. Although evidence is limited with respect to effects on physical performance, caffeine has been shown to be more effective for cognitive function following cognitive fatigue or sleep deprivation [87,88]. Whilst participants were instructed to abstain from intense physical activity 48 h prior to attendance, this was only verbally confirmed prior to each trial and sleep duration and quality were not measured. Similarly, food consumption, or lack of, has been shown to influence caffeine metabolism [89] which in turn may influence the ergogenic effect. Participants were instructed to abstain from caffeine at least 12 h prior to testing however this was only verbally confirmed and as such, the influence of diet on caffeine metabolism cannot be ruled out.



Although not without opposition [90], there is a suggestion that trained individuals may experience a greater caffeine induced effect [5,91] which has been attributed increased adenosine receptor density resulting in a greater potential to evoke an increased caffeine response [92]. It was considered that given the number of experimental trials and the nature of the exercise, training induced adaptation in muscular function over the course of the study may be in part responsible for the varied caffeine response seen in the results. However, this is unlikely to be the case given that the between trial comparison of caffeine effects compared to placebo did not show any distinct trend, nor was there any training effect as demonstrated in the post-trial reassessment of 1 RM.





5. Limitations and Future Direction


The present study offers valuable insight into the repeatability of acute caffeine consumption on muscular strength and power performance but does not come without limitations. The ergogenic potential of caffeine has been shown to be influenced by variation in CYP1A2 and ADORA2A genes [80,93], factors that were not measured in the present study. Furthermore, measuring plasma concentration of caffeine would have been useful to ensure standardization at the start of each experimental trial. Furthermore, the results of the present study are only specific to participants with resistance training experience, where the impact of reliability on assessment measure may be greater in those that are naïve to the modes of exercise used in the present study.



It is clear from the present work, that if only a single caffeine trial was compared to single placebo trial, as is common in this field of work [2], a number of the conclusions regarding caffeine’s effect on strength would be different. Importantly, data in the present study provide novel insight into factors which may influence an ability to accurately detect caffeine effects and suggest a need to update standard practices evaluating caffeine ergogenicity. Specifically, there is a need for future research to explore multiple trials to allow detection of the potential fluctuation of effect from possible variations previously outlined (i.e., mood, motivation, diet, and fatigue) well as the chance of inter-individual responses to caffeine. This will allow further understanding of caffeine’s effect on strength and power to better understand how to maximize the ergogenic effect.




6. Conclusions


The present study examined the repeatability of acute caffeine consumption of 3 mg.kg−1 effects on measures of muscular strength and power. Collectively these data demonstrate a contractile mode specific effect of caffeine on ingestion on specific measures of muscular strength and power. However, results from this study indicate for the first time that an individual is unlikely to see a performance enhancing benefit on every occasion where caffeine is consumed. Our data infer that benefits of caffeine ingestion may only be prevalent in athlete specific optimized mood and cognitive states. As such, athletes should seek to identify the condition where caffeine ingestion is likely to evoke the greatest performance enhancing benefits, and where this is not the case, consider the benefits of supplementation against well reported side effects. Furthermore, future work evaluating the ergogenic effects of caffeine on sports performance should assess response over multiple trials in order to more precisely evaluate its effects and prevent misleading results.
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Figure 1. Schematic of Experiential design. 
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Figure 2. Schematic of Experimental Trial. 
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Figure 3. Pre and Post Experimental Trials 1 RM. 
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Table 1. Acute effect of caffeine treatment (3 mg.kg−1) on readiness to invest effort physical, readiness to invest effort mental, and felt arousal.
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Trial 1

	

	
Trial 2

	

	
Trial 3

	

	
Overall




	

	
PL

	
CF

	
ES

	
PL

	
CF

	
ES

	
PL

	
CF

	
ES

	
PL

	
CF

	
ES

	




	
RTE

Phy

	
Pre

	
4.8 ± 2.7

	
4.5 ± 2.0

	
0.12

	
3.1 ± 1.8

	
4.6 ± 2.0

	
0.77

	
4.2 ± 2.3

	
4.6 ± 2.4

	
0.17

	
4.0 ± 2.4

	
4.6 ± 2.1

	
0.26

	




	
Post

	
5.1 ± 2.3

	
5.6 ± 1.7

	
0.24

	
3.9 ± 2.5

	
5.8 ± 1.7

	
0.87

	
5.4 ± 1.9

	
5.9 ± 1.8

	
0.27

	
4.8 ± 2.3

	
5.7 ± 1.7

	
0.44

	




	
RTE

Men

	
Pre

	
4.1 ± 2.4

	
4.7 ± 2.1

	
0.26

	
3.2 ± 1.9

	
4.0 ± 1.7

	
0.44

	
4.2 ± 2.1

	
4.5 ± 2.4

	
0.13

	
3.8 ± 2.2

	
4.4 ± 2.1

	
0.27

	




	
Post

	
4.8 ± 2.4

	
6.1 ± 1.8

	
0.60

	
4.1 ± 2.1

	
5.8 ± 1.6

	
0.84

	
4.7 ± 2.1

	
5.7 ± 1.8

	
0.11

	
4.8 ± 2.2

	
5.9 ± 1.7

	
0.55

	




	
FAS

	
Pre

	
2 ± 1

	
3 ± 1

	
0.98

	
2 ± 1

	
2 ± 1

	
0.00

	
3 ± 1

	
3 ± 1

	
0.00

	
2 ± 1

	
2 ± 1

	
0.00

	




	
Post

	
3 ± 1

	
4 ± 1

	
0.98

	
3 ± 1

	
4 ± 1

	
0.98

	
2 ± 1

	
4 ± 1

	
0.98

	
3 ± 1

	
4 ± 1

	
0.98

	








Note: Values are represented as means ± SD, PL= Placebo, CF= Caffeine, RTE Phy= Readiness to Invest Effort Physical, RTE Men= Readiness to Invest Effort Mental, FAS = Felt Arousal Scale, Pre = Pre-Treatment, Post = Post-Treatment, ES = Effect Size (Trivial > Bold Text).
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Table 2. Effect of caffeine treatment (3 mg.kg−1) on CMJ performance.






Table 2. Effect of caffeine treatment (3 mg.kg−1) on CMJ performance.





	

	
Trial 1

	
ES

	
Trial 2

	
ES

	
Trial 3

	
ES

	
Overall

	
ES






	
Jump Height (m)

	
PL

	
0.23 ± 0.07

	
0.39

	
0.23 ± 0.08

	
0.39

	
0.23 ± 0.06

	
0.16

	
0.23 ± 0.07

	
0.28




	
CF

	
0.26 ± 0.08

	
0.26 ± 0.07

	
0.24 ± 0.06

	
0.25 ± 0.07




	
RSI (Mod)

	
PL

	
0.33 ± 0.11

	
0.47

	
0.35 ± 0.14

	
0.14

	
0.34 ± 0.13

	
0.16

	
0.34 ± 0.13

	
0.23




	
CF

	
0.39 ± 0.14

	
0.37 ± 0.14

	
0.36 ± 0.11

	
0.37 ± 0.13




	
Peak Force (N.kg−1)

	
PL

	
14.8 ± 3.8

	
0.39

	
15.8 ± 3.8

	
0.08

	
15.7 ± 3.6

	
0.06

	
15.4 ± 3.7

	
0.17




	
CF

	
16.2 ± 3.3

	
16.1 ± 3.8

	
15.9 ± 3.4

	
16.0 ± 3.4




	
Peak Power (W.kg−1)

	
PL

	
43.2 ± 8.1

	
0.40

	
44.1 ± 8.8

	
0.08

	
43.1 ± 6.9

	
0.14

	
43.5 ± 7.9

	
0.21




	
CF

	
46.7 ± 9.0

	
44.8 ± 8.0

	
44.1 ± 7.1

	
45.2. ± 8.0




	
Concentric Impulse (Ns)

	
PL

	
180 ± 44

	
0.11

	
178 ± 47

	
0.08

	
181 ± 48

	
0.15

	
180 ± 46

	
0.11




	
CF

	
185 ± 48

	
182 ± 47

	
188 ± 44

	
185 ± 46




	
Eccentric Impulse (Ns)

	
PL

	
75 ± 22

	
0.04

	
77 ± 35

	
0.07

	
79 ± 36

	
0.03

	
77 ± 31

	
0.04




	
CF

	
74 ± 23

	
75 ± 20

	
80 ± 25

	
76 ± 22








Note: Values are represented as means ± SD, PL = Placebo, CF = Caffeine, and RSI (Mod) = Reactive Strength Index (Modified), ES = Effect Size (Trivial > Bold Text).
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Table 3. Effect of caffeine treatment (3 mg.kg−1) on DJ performance.
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Trial 1

	
ES

	
Trial 2

	
ES

	
Trial 3

	
ES

	
Overall

	
ES






	
Jump Height (cm)

	
PL

	
0.30 ± 0.10

	
0.28

	
0.29 ± 0.10

	
0.56

	
0.30 ± 0.11

	
0.29

	
0.30 ± 0.10

	
0.37




	
CF

	
0.33 ± 0.11

	
0.35 ± 0.11

	
0.33 ± 0.09

	
0.34 ± 0.11




	
RSI

	
PL

	
0.91 ± 0.40

	
0.05

	
0.94 ± 0.38

	
0.03

	
0.95 ± 0.38

	
0.02

	
0.94 ± 0.38

	
0.03




	
CF

	
0.93 ± 0.34

	
0.95 ± 0.39

	
0.96 ± 0.44

	
0.95 ± 0.39




	
Peak Force (N.Kg)

	
PL

	
51.9 ± 10.2

	
0.10

	
51.0 ± 9.6

	
0.42

	
50.2 ± 11.5

	
0.21

	
51.0 ± 0.10.3

	
0.24




	
CF

	
53.0 ± 11.4

	
55.3 ± 10.6

	
52.8 ± 12.7

	
53.7 ± 0.11.5




	
Peak Power (W.Kg)

	
PL

	
67.8 ± 20.7

	
0.39

	
65.5 ± 17.2

	
0.55

	
65.2 ± 21.0

	
0.25

	
66.2 ± 0.19.4

	
0.40




	
CF

	
78.6 ± 32.1

	
77.4 ± 24.5

	
70.4 ± 19.3

	
75.5 ± 0.25.7








Note: Values are represented as means ± SD, PL = Placebo, CF = Caffeine, and RSI= Reactive Strength Index, ES = Effect Size (Trivial > Bold Text).
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Table 4. Effect of caffeine treatment (3 mg.kg−1) on IMTP performance.






Table 4. Effect of caffeine treatment (3 mg.kg−1) on IMTP performance.





	

	
Trial 1

	
ES

	
Trial 2

	
ES

	
Trial 3

	
ES

	
Overall

	
ES






	
Peak force (N.Kg)

	
PL

	
27.8 ± 7.8

	
0.32

	
25.0 ± 4.1

	
0.34

	
25.8 ± 5.2

	
0.08

	
26.2 ± 5.9

	
0.00




	
CF

	
25.7 ± 4.9

	
26.6 ± 5.2

	
26.2 ± 4.5

	
26.2 ± 4.8




	
Time to peak Force (Sec)

	
PL

	
2.50 ± 1.58

	
0.32

	
2.62 ± 1.54

	
0.29

	
2.15 ± 1.09

	
0.10

	
2.42 ± 1.41

	
0.25




	
CF

	
2.02 ± 1.37

	
2.21 ± 1.27

	
2.02 ± 1.34

	
2.08 ± 1.31




	
Force (N) at 100 m/s

	
PL

	
1280 ± 302

	
0.05

	
1281 ± 346

	
0.22

	
1277 ± 417

	
0.18

	
1285 ± 347

	
0.15




	
CF

	
1299 ± 417

	
1356 ± 319

	
1346 ± 376

	
1342 ± 375




	
Force (N) at 300 m/s

	
PL

	
1858 ± 461

	
0.02

	
1817 ± 583

	
0.02

	
1877 ± 583

	
0.08

	
1863 ± 487

	
0.03




	
CF

	
1867 ± 475

	
1825 ± 486

	
1916 ± 400

	
1879 ± 458








Note: Values are represented as means ± SD, PL = Placebo, CF = Caffeine, ES = Effect Size (Trivial < Bold Text).
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Table 5. Effect of caffeine treatment (3 mg.kg−1) on upper and lower body resistance exercise; chest press, shoulder press, squats, and deadlift reps until failure as well as chest press, shoulder press, squats, and deadlift total weight lifted (kg).






Table 5. Effect of caffeine treatment (3 mg.kg−1) on upper and lower body resistance exercise; chest press, shoulder press, squats, and deadlift reps until failure as well as chest press, shoulder press, squats, and deadlift total weight lifted (kg).





	

	
Trial 1

	

	
Trial 2

	

	
Trial 3

	

	
Overall

	

	






	

	
PL

	
CF

	
ES

	
PL

	
CF

	
ES

	
PL

	
CF

	
ES

	
PL

	
CF

	
ES




	
CP

	
Set1

	
13 ± 3

	
14 ± 5

	
0.24

	
13 ± 5

	
14 ± 4

	
0.43

	
14 ± 6

	
14 ± 4

	
0.00

	
13 ± 4

	
14 ± 4

	
0.25

0.25




	
Set2

	
10 ± 3

	
14 ± 4

	
0.83

	
11 ± 4

	
12 ± 4

	
0.25

	
11 ± 4

	
12 ± 4

	
0.25

	
11 ± 4

	
12 ± 4




	
SP

	
Set1

	
12 ± 3

	
13 ± 4

	
0.28

	
10 ± 3

	
12 ± 4

	
0.56

	
12 ± 3

	
13 ± 4

	
0.28

	
11 ± 3

	
13 ± 4

	
0.56

0.65




	
Set2

	
9 ± 3

	
11 ± 3

	
0.65

	
9 ± 3

	
10 ± 3

	
0.33

	
10 ± 3

	
11 ± 2

	
0.39

	
9 ± 3

	
11 ± 3




	
SQ

	
Set1

	
13 ± 4

	
15 ± 5

	
0.43

	
12 ± 4

	
16 ± 4

	
0.98

	
14 ± 4

	
16 ± 5

	
0.43

	
13 ± 4

	
15 ± 5

	
0.43

0.25




	
Set2

	
12 ± 4

	
13 ± 4

	
0.25

	
11 ± 4

	
13 ± 4

	
0.49

	
12 ± 3

	
13 ± 4

	
0.28

	
12 ± 4

	
13 ± 4




	
DL

	
Set1

	
12 ± 4

	
14 ± 6

	
0.39

	
11 ± 4

	
13 ± 4

	
0.49

	
12 ± 5

	
14 ± 7

	
0.32

	
12 ± 5

	
13 ± 6

	
0.18

0.25




	
Set2

	
10 ± 4

	
11 ± 4

	
0.25

	
9 ± 4

	
11 ± 4

	
0.49

	
10 ± 3

	
11 ± 3

	
0.33

	
10 ± 4

	
11 ± 4








Note: Values are represented as means ± SD, PL = Placebo, CF = Caffeine, CP = Chest Press, SP = Shoulder Press, SQ = Squats, DL = Deadlift, ES = Effect Size (Trivial < Bold Text).
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Table 6. Effect of caffeine treatment (3 mg.kg−1) on RPE following repetitions until failure protocol.
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Trial 1

	

	
Trial 2

	

	
Trial 3

	

	
Overall






	

	
PL

	
CF

	
ES

	
PL

	
CF

	
ES

	
PL

	
CF

	
ES

	
PL

	
CF

	
ES




	
CP

	
Set1

	
17 ± 1

	
18 ± 1

	
0.98

	
18 ± 2

	
18 ± 1

	
0.00

	
17 ± 1

	
18 ± 2

	
0.62

	
17 ± 1

	
18 ± 1

	
0.98

0.98




	
Set2

	
19 ± 1

	
18 ± 1

	
0.98

	
18 ± 1

	
19 ± 1

	
0.98

	
18 ± 1

	
19 ± 1

	
0.98

	
19 ± 1

	
18 ± 1




	
SP

	
Set1

	
17 ± 1

	
18 ± 1

	
0.98

	
18 ± 2

	
18 ± 1

	
0.00

	
17 ± 1

	
18 ± 2

	
0.62

	
18 ± 1

	
17 ± 2

	
0.62

0.00




	
Set2

	
19 ± 1

	
18 ± 1

	
0.98

	
18 ± 1

	
19 ± 1

	
0.98

	
18 ± 1

	
19 ± 1

	
0.98

	
18 ± 1

	
18 ± 1




	
SQ

	
Set1

	
17 ± 1

	
17 ± 1

	
0.00

	
18 ± 1

	
17 ± 1

	
0.98

	
17 ± 1

	
18 ± 1

	
0.98

	
17 ± 1

	
17 ± 1

	
0.00

0.98




	
Set2

	
18 ± 1

	
18 ± 1

	
0.00

	
19 ± 1

	
18 ± 1

	
0.98

	
18 ± 1

	
19 ± 1

	
0.98

	
19 ± 1

	
18 ± 1




	
DL

	
Set1

	
17 ± 2

	
17 ± 1

	
0.00

	
17 ± 2

	
18 ± 3

	
0.62

	
18 ± 1

	
18 ± 1

	
0.00

	
17 ± 2

	
18 ± 1

	
0.62

0.00




	
Set2

	
18 ± 3

	
19 ± 1

	
0.44

	
18 ± 1

	
18 ± 1

	
0.00

	
19 ± 1

	
18 ± 1

	
0.98

	
18 ± 2

	
18 ± 1








Note: Values are represented as means ± SD, PL = Placebo, CF = Caffeine, CP = Chest Press, SP = Shoulder Press, SQ= Squats, DL= Deadlift, ES = Effect Size (Trivial < Bold Text).
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