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Abstract

Objectives: The aims of this paper are threefold: (1) to summarize the research examining the effects
of caffeine on isokinetic strength, (2) pool the effects using a meta-analysis, and (3) to explore if there

is a muscle group or a velocity specific response to caffeine ingestion.
Design: Meta-analysis.

Methods: PubMed/MEDLINE, Scopus, and SPORTDiscus were searched using relevant terms. The
PEDro checklist was used for the assessment of study quality. A random-effects meta-analysis of

standardized mean differences (SMDs) was done.

Results: Ten studies of good and excellent methodological quality were included. The SMD for the
effects of caffeine on strength was 0.16 (95% CI1=0.06, 0.26; p=0.003; +5.3%). The subgroup analysis
for knee extensor isokinetic strength showed a significant difference (p=0.004) between the caffeine
and placebo conditions with SMD value of 0.19 (95% CI=0.06, 0.32; +6.1%). The subgroup analysis
for the effects of caffeine on isokinetic strength of other, smaller muscle groups indicated no
significant difference (p=0.092) between the caffeine and placebo conditions. The subgroup analysis
for knee extensor isokinetic strength at angular velocities of 60°-s*and 180°-s* showed a significant
difference between the caffeine and placebo conditions with SMD value of 0.21 (95% CI=0.07, 0.36;
p=0.004; +6.0%) and 0.23 (95% CI=0.07, 0.38; p=0.005; +5.5%), respectively. No significant effect

(p=0.193) was found at an angular velocity of 30°-s .

Conclusions: This meta-analysis demonstrates that acute caffeine ingestion caffeine may significantly
increase isokinetic strength. Additionally, this meta-analysis reports that the effects of caffeine on
isokinetic muscular strength are predominantly manifested in knee extensor muscles and at greater

angular velocities.

Keywords: caffeine; exercise; muscles; power; torque
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1. Introduction

Caffeine, a trimethylxanthine, is one of the most commonly consumed drugs in the world.* The use of
caffeine is high both in the general population and among athletes.>* Van Thuyne and colleagues
reported that athletes in strength-based sports such as weightlifting and powerlifting are among the
highest users of caffeine.* However, the effects of caffeine on strength performance remain a matter of
debate in the scientific literature. Several narrative reviews>® have highlighted that the effects of
caffeine ingestion on muscular strength remain unclear. Indeed, while some report an increase in
strength following caffeine ingestion” & others do not.® Methodological differences between studies,
such as caffeine dose and training status of the participants, have been suggested as reasons for the

equivocal evidence on the topic® (albeit, there is a lack of direct evidence to support these claims).*

It needs to be acknowledged that small sample sizes are a mainstay in the research examining the
effects of caffeine on exercise performance. Therefore, it is possible that some studies lack sufficient
statistical power to observe significant effects. For instance, Astorino et al.'* reported that the
ingestion of caffeine (in a dose of 6 mg-kg™) over placebo improved resistance exercise performance
in nine out of the 14 resistance-trained men included as participants, yet, no statistically significant
increases in weight lifted were found. Therefore, it is possible that the study was underpowered to find

significant effects.

Meta-analyses have helped to elucidate equivocal topics within nutritional supplement research as they
allow the pooling of outputs from many studies.'? Such statistical procedures provide more conclusive
statements than individual trials and are set at the top of the hierarchy of evidence in the recent
International Olympic Committee consensus statement. > Two meta-analyses thus far have examined
the effects of caffeine on strength. Warren et al.*® found that caffeine ingestion can increase strength,
with the effect being predominantly in the knee extensor muscles, but not in smaller muscle groups
such as the elbow flexors. Of the 22 peer-reviewed studies included in the analysis by Warren et al.*®
17 examined the effects of caffeine on isometric strength. Three included studies examined the effects

of caffeine on isokinetic strength, and two examined the effects of caffeine ingestion on one-repetition
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maximum (1RM). Therefore, it can be argued that the results provided by Warren et al.™ are specific
to the effects of caffeine on isometric strength. A recent meta-analysis by Grgic et al.* focused on
1RM and found a significant ergogenic effect with caffeine ingestion. A subgroup analysis from their
review showed that caffeine ingestion had a significant effect on upper-body, but not on lower-body
strength; results which somewhat are in contrast to those presented for isometric strength by Warren et

al 13

The assessment of strength forms an important component of monitoring the effects of various training
interventions.® Additionally, assessment of strength is often used by researchers in order to
understand the relative significance of strength to a specific trait, outcome (such as falls in older
adults),*® and/or sports performance. Furthermore, assessing strength levels of an individual may be
utilized within talent identification,'® and to identify injury risk.>" 8 Strength can be assessed through a
variety of techniques, including isometric, 1RM, and isokinetic methods. An important consideration
is that the various types of strength assessment have different characteristics, and thus cannot be
considered as interchangeable or equivalent measures of strength.’® Moreover, they can even produce

conflicting results.

Given that during an isometric muscle action the muscle-tendon unit does not change its length,
isometric strength only provides information regarding strength levels at a specific point of application
within a joint’s range of motion.?! Also, isometric muscular actions might have less applicability to
most sporting situations as these commonly include dynamic muscle actions.'® While the 1RM test
includes dynamic muscle actions, in this test, velocity cannot be controlled, and, additionally, the
muscle can be overloaded only by the amount of weight that can be lifted through the weakest part of
the exercised range of motion.? Furthermore, the complexity of some exercises (such as the free
weight barbell squat) used for the 1RM test may require several familiarization sessions to obtain a

reliable measurement given the considerable skill component of such movements.?
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While isokinetic strength assessment is not without its limitations, it does provide certain advantages
including: (1) maximal resistance throughout the exercised range of motion (i.e., no fixed resistance in
the weakest point of the movement); (2) the use of accommodating resistance, which provides a safety
mechanism given that the accommodating mechanism disengages when the participant senses pain; (3)
the use and control of different velocities; and (4) isokinetic assessments allow the quantification of
torque (the force measured about a joint’s axis of rotation), work (force and distance of a given
muscular action), and power (time required to produce work).*! Furthermore, isokinetic assessment has

been shown to be a highly reliable measure of strength.?% %

Several studies have previously investigated the effects of caffeine ingestion on isokinetic strength,
with equivocal findings. 23 Thus, the aims of this paper are to: (1) summarize the research examining
the effects of caffeine on isokinetic strength, (2) pool the effects using a meta-analysis, and (3) to

explore if there is a muscle group or a velocity specific response to caffeine ingestion.

2. Methods

For this paper, peer-reviewed literature was searched on the effects of caffeine ingestion on isokinetic
strength, defined as the peak torque produced during an isokinetic maximal voluntary contraction. The
literature search was done on May 26th, 2018. The primary search occurred via Scopus,
PubMed/MEDLINE, and SPORTDiscus databases through titles, abstracts, and keywords. The search
syntax included the following words coupled with Boolean operators: caffeine AND (strength OR
force OR torque OR isokinetic). The secondary searchers consisted of: (1) examining the reference
lists of the studies found meeting the inclusion criteria, (2) examining papers that cited the included
studies through the Scopus database, and (3) scanning through the reference lists of relevant review
papers.t 81314 1n order to prevent any selection bias, the search was done independently by the two

authors of the review.

Studies meeting the following criteria were included in the present review: (1) published in a peer-

reviewed, English-language journal, (2) included humans as participants, (3) utilized a crossover
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design with at least one placebo and one caffeine trial, and (4) isokinetic muscular strength was
assessed. Studies in which other potentially ergogenic compounds such as taurine were used were not
considered for the present review. Additionally, studies with a between-group design were not
included due to poor control of the inter-individual variability in response® to caffeine ingestion in

such study designs.

The following data were extracted from the included studies: (1) authors and publication date, (2)
participants characteristics, (3) the tested muscle group, and (4) means and standard deviations for
isokinetic strength from the caffeine and placebo trials. If data were presented in figures, the Web Plot
Digitizer software (V.3.11. Texas, USA: Ankit Rohatgi, 2017) was used for the extraction of raw

values. Standard errors (SEs) were converted to standard deviations, using the following formula:

(SE - v/n).

The Physiotherapy Evidence-Based Database Scale (PEDro) was used for the assessment of study
quality. This scale has a total of 11 items. The maximum possible score on the scale is 10 points as the
first item is not included in the total score. The full details regarding the PEDro scale can be found
elsewhere.®® The study quality was classified as in the review by McKendry and colleagues® and by

others** %’

in which 9-10 points corresponds to excellent quality, 6-8 points correspond to good
quality, 4-5 points corresponds to fair quality, and less than 3 points correspond to poor

methodological quality.

2.1 Statistical analysis

The extracted isokinetic muscular strength data were converted to standardized mean differences
(Hedge’s g) and 95% confidence intervals (Cls). The following data were needed for the calculation of
standardized mean differences: (1) mean + standard deviation of the caffeine and placebo trials, (2)
sample size (n), and (3) inter-trial correlation. None of the included studies presented inter-trial
correlation. Therefore, as suggested in the Cochrane Handbook® the correlation was estimated using

the following formula:
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_ Szzvlacebo + Sczaffeine - 5[2)

2 - Splacebo ’ Scaffeine

S represents the standard deviation while Sp, is the standard deviation of the difference score, which

was calculated as:

1/2

Sz%lacebo Sczaffeine
SD = +
n n

When a study measured strength under multiple conditions, such as multiple caffeine doses,
standardized mean differences and variances were averaged across the different conditions and the
average values were used for the analysis. The main analysis consisted of all isokinetic muscular
strength data. A sensitivity analysis was performed by excluding the study with the lowest score on the
PEDro checklist.?* Two subgroup analyses that focused on the size of the assessed muscle group were
performed, one in which only knee extensor data was analyzed, and one for all other muscle groups
(such as knee flexors, elbow flexors, ankle plantar flexors, and wrist flexors). We analyzed knee
extensor data in isolation to explore the impact of caffeine on individual muscle groups, with a
previous meta-analysis™ suggesting that caffeine’s positive impact on strength occurs predominantly
within the knee extensors. In order to explore the effects of caffeine on different angular velocities,

-1

subgroup analyses were done for angular velocities of 30, 60, and 180°-s . A subgroup analysis for

other angular velocities such as 250°-s™* could not be explored due to the limited data.

Hedge’s g values of <0.2, 0.2-0.5, 0.5-0.8, and >0.8 were considered to represent small, medium,
large, and very large effects, respectively.*® Heterogeneity was assessed using the 12 statistic. The
following classification was used for heterogeneity: low levels (<50%), moderate levels (50-75%), and
high levels (>75%) of heterogeneity. Funnel plots were used for detecting publication bias with the

Duval and Tweedie’s trim and fill method. Percent changes between the placebo and caffeine



160  conditions were also calculated. The random-effects model was used for all analyses. The statistical
161  significance threshold was set at p < 0.05. All analyses were performed using the Comprehensive

162  Meta-analysis software, version 2 (Biostat Inc., Englewood, NJ, USA).

163

164 3. Results

165  The search through the three databases resulted in a total of 3283 relevant publications. Of the total
166  number, 3238 items were excluded after reading the title or the abstract which left 45 full-text papers
167  to be examined. Out of the 45 full-text papers, 35 were excluded as they did not meet the inclusion
168  criteria, leaving a total of ten included studies.?** The secondary searches did not result in any

169  additional inclusion of studies.

170

171 A summary of all study details can be found in Table 1. In total, 133 participants were included across
172  the studies (men = 120 n; women = 13 n). The median number of participants per study was 13. In five
173 of the studies,?* > %! the participants were reported as athletes or resistance-trained while in the

174  remaining five the participants were either recreationally trained or untrained individuals.?628:32 % |
175  nine of the ten studies, the participants were of young age, while one study included older adults.?®
176  Seven studies measured only lower-body strength,2+227-2%:31.32 twg examined both lower and upper-
177  body strength,*® * while one study measured only upper-body strength.?’

178



Table 1

Summary of the included studies.

Reference Study design Sample Caffeine Timing of caffeine Muscle group tested Percent changes (%)"
dose ingestion
Eccentric knee extensors pre: 1 3.4
Eccentric knee extensors mid: 1 17.9
Eccentric knee extensors post: 1 7.0
Eccentric knee extensors 12h post: 1 6.0
Concentric knee extensors pre: 1 8.7
Eccentric and Cuncen!ric knee extensors mid: 1 10.5
ncentis Kiee Concenlr!c knee extensors post: 1 1.8
Alietal! Randomleed, 10 young female team 6mgkg 60min pre-exercise hitencarand tnée Cancenync knee exlensorf 12h post: 1 20.4
double-blind crossover sport athletes 1 Eccentric knee flexors pre: 1 7.5
flexor at 30" s ! (tested 2
on multiple occasions) Eccentric knee flexors mid: 1 17.9
Eccentric knee flexors post: 1 10
Eccentric knee flexors 12 h p
Concentric knee flexors mid: t 3.8
Concentric knee flexors post: 1 3.9
Concentric knee flexors 12 h post: t+ 7.9
Knee extensor 2mgkg ' (bout 1): 1 0.7
Knee extensor 5mgkg-! (bout 1): 1 1.5
v g Knee extensor and znce extensor : mg :3 : Ezm i; il l(.]70
" 2% indomized, 15 young recreationall; i nee extensor 5 mgkg ut 2): «<» 0.
Astorino et al single-blind crossover ac(g,ve mgen e 2and5mgkg™'  GOmin pre-exercise k;ebz flexor at 180° 5! Knee flexor 2 mgkg ' (bout 1): 1 4.5
(2bouts) Knee flexor 5mgkg ' (bout 1): 1 5.7
Knee flexor 2 mgkg ' (bout 2): « 0.0
Knee flexor 5mgkg ' (bout 2): 1 3.6
Elbow flexor 0" s': 1 6.7
Elbow flexor at0°s !, Elbow flexor 30°s~': 1 15.4
% 2 Randomized, 14 young recreationally ,| Z 6 30°s7',60°s", Elbow flexor 60°s': 1 63
Bazznochl etal double-blind crossover active men Smgky S0 min pre;enercise; 120°s°1,180° s, Elbow flexor 120°s': 1 5.1
250°s!
Knee extensor 30°s': | 1.3
Knee extensor 150°s~': 1 0.6
12 young male Knee extensor and Knee extensor 300°s-': | 8.0
Bond et al.”* Randomized, crossover intercollegiate track 5mgkg’ 60min pre-exercise knee flexor at 30" s-', g GR:
sprinters 150°s-1, 300° s-! Knee flexor 30°s~': | 9.6
¢ Knee flexor 150°s™': | 3.3
Knee flexor 300°s': | 2.3
Duncan et al.”* Randomized, 10 young 6mgkg! 60 min pre-exercise Knee extensor at Knee extensor at all velocities: 1 8.3
double-blind crossover resistance-trained men 30°s7',150°s",
300°s!
Knee extensor 30°s~': 1 10.5
d d e coll Knee extensor and znee SKiensor ;(S)g sr. 4 ;?
Randomized, 20 young male college 1 i ¥ ; o3, nee extensor st 7.
Jacobson etal- double-blind crossover athletes 7mgkg 60min pre-exercise ?;802 a: 33(:)05 &1 Knee flexor 30°s': t 2.0
% Knee flexor 150°s': 1 5.7
Knee flexor 300°s~': 1 4.1
Tallis et al.”* Randomized, 12 (9 males and 3 3mgkg ' 60 min pre-exercise Knee extensor at Knee extensor 30°s !
double-blind crossover females) untrained 30°s7!
179 older adults
Table 1 (Continued)
Reference Study design Sample Caffeine Timing of caffeine Muscle group tested Percent changes (%)
dose ingestion
Knee extensor 30° 5! (told caffeine, given caffeine): 1 5.4
Knee extensor and and 16.6 .
1 Knee extensor 30° s~ (told placebo, given caffeine): 1 2.6
) . Randomized, 14 untrained young . somi ']';;“’ at3o ;d“ﬁ"d and 135
Tallis etal. single-blind crossover men Smekg i presexereise N (with different Knee extensor 120°s~! (told caffeine, given caffeine); 1 6.8
m‘ﬂ'eme and placebo and 125
trials) Knee extensor 120°s' (told caffeine, given caffeine): 1 1.8
and 7.2
Knee flexor 30° 5" (told caffeine, given caffeine): 1+ 6.3 and
123
Knee flexor 30° 57! (told placebo, given caffeine): | 0.6 and
+5.0
Knee flexor 120° 5! (told caffeine, given caffeine): | 4.8
and 6.5
Knee flexor 120° 5! (told caffeine, given caffeine): | 1.5
and3.3
Eccentric knee extensors 60°s ' (3mgkg '): 1 145
Eccentric knee extensors 60°s ' (6mgkg '): 1 6.0
Eccentric knee extensors 180" s~ ' (3mgkg '): 1 13.8
Eccentric knee extensors 180" s~! (6mgkg™'):  16.0
Concentric knee extensors 60° s™! (3mgkg™'): 1 4.4
Concentric knee extensors 60° s~' (6mgkg'): 1 6.0
izi::t‘:l:ﬁ‘& Concentric knee extensors 180°s~' (3mgkg '): 1 21.6
. 3 Randomized, 10 young recreationall N N . Concentric knee extensors 180°s~' (6mgkg'): 1 26.3
Tallisand Yavuz?  HonCOmEed, e actiyve min 4 3and6mgkg™'  60min pre-exercise extensor and e:baw Eccentric elbow flexor 60°s' (3mgkg 1): | 8.8
"e’mrf‘: 60°s71, Eccentric elbow flexor 60° s~ (6mgkg'): | 5.2
180°s Eccentric elbow flexor 180° s (3mgkg '): | 03
Eccentric elbow flexor 180° s (6mgkg™'): | 4.0
Concentric elbow flexor 60°s~! (3 mgkg™'): | 6.1
Concentric elbow flexor 60°s ! (6mgkg '): | 36
Concentric elbow flexor 180°s ' (3mgkg™
Concentric elbow flexor 180" s 1 (6mgkg '): 1 0.8
Knee extensor, ankle Knee extensors 60°s ': 1 13.7
Timmins and Randomized. 16 young 1 . . plantar flexors, elbow Ankle plantar flexors 60" s~': 1 11.2
Saunders™ single-blind resistance-trained men  © "5 X J0min pre-exercise flexor and wrist flexor Elbow flexors 60° 55 1 9.1

at60°s!

Wrist flexors 60°s': 1 6.3

+ mincrease; | =decrease; - = no change.
# Calculared as percent change with caffeine over placebo.

180

181

182

183

184

Based on the PEDro checklist, six studies

25,27-29, 31,33

were classified as excellent quality while four

points). Individual scores for the quality assessment can be found in Table 2.

24, 26,

%0.32\vere classified as good quality. The mean + standard deviation score was 9 + 1 (range = 6 to 10
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Table 2
Results from the PEDro checklist.

Study Item 1 Item 2 Item 3 Item 4 Item 5 Item 6 Item 7 Item 8 Item 9 Item 10 Item 11 Total score
Ali et al*! No Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes 10
Astorino et al.” Yes Yes Yes Yes Yes No No Yes Yes Yes Yes 8
Bazzucchi et al.? Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes 10
Bond et al.** No Yes No Yes No No No Yes Yes Yes Yes 6
Duncan et al. Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes 10
Jacobson et al.’ Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes 10
Tallis et al.” Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes 10
Tallis et al.”” No Yes Yes Yes Yes No No Yes Yes Yes Yes 8
Tallis and Yavuz® No Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes 10
Timmins and Saunders”” Yes Yes Yes Yes Yes No No Yes Yes Yes Yes 8

Yes =criterion is satisfied; No =criterion is not satisfied.

The main meta-analysis results showed a significant difference (p = 0.003) between the caffeine and
placebo conditions. The standardized mean difference for the effects of caffeine on strength was 0.16
(95% CI = 0.06, 0.26; +5.3%); |2 = 15%). The sensitivity analysis in which the study with the lowest
quality was excluded changed the standardized mean difference value to 0.19 (95% CI = 0.10, 0.28; p
< 0.001). The forest plot of the analysis is presented in Figure 1. The subgroup analysis for knee
extensor isokinetic strength showed a significant difference (p = 0.004) between the caffeine and
placebo conditions. The standardized mean difference for the effects of caffeine on strength was 0.19
(95% CI = 0.06, 0.32; +6.1%; I1> = 11%). The subgroup analysis for the isokinetic strength of other
muscle groups indicated no significant difference (p = 0.092) between the caffeine and placebo
conditions with the standardized mean difference value of 0.10 (95% CI = -0.02, 0.21; +3.9%; I°=

19%).

The subgroup analysis for isokinetic strength at 30°-s ' indicated no significant difference (p = 0.193)
between the caffeine and placebo conditions with the standardized mean difference value of 0.16 (95%
Cl =-0.08, 0.39; +6.2%; 1= 0%). The subgroup analysis for isokinetic strength at 60°-s* showed a
significant difference (p = 0.004) between the caffeine and placebo conditions. The standardized mean
difference for the effects of caffeine on strength was 0.21 (95% CI = 0.07, 0.36; +6.0%; 1= 7%). The
subgroup analysis for isokinetic strength at 180°-s * showed a significant difference (p = 0.005)
between the caffeine and placebo conditions. The standardized mean difference for the effects of

caffeine on strength was 0.23 (95% CI = 0.07, 0.38; +5.5%); I>= 0%). No asymmetry was noted in the
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funnel plots in any of the analyses and the Duval and Tweedie’s trim and fill correction did not have

any effect.
Study name Statistics for each study Hedges's g and 95% CI
Hedges's Lower Upper
g limit limit p-Value
Bond et al. (1986) -0.13 -0.33 0.06 0.184 —:—.L
Tallis et al. (2013) -0.05 -0.25 0.14 0.589
Tallis et al. (2016) 0.07 -0.11 0.25 0.434 —{-—
Astorino et al. (2010) 0.09 -0.09 0.27 0.314 —+a—
Ali et al. (2016) 0.15 -0.08 0.38 0.205 <+
Tallis and Yavuz (2018) 0.17 -0.07 0.41 0.160 B
Jacobson et al. (1992) 0.22 0.12 0.33 0.000 -
Timmins and Saunders (2014) 0.27 0.10 043 0.002 ——
Bazzucchi et al. (2011) 0.34 0.16 0.51 0.000 ——
Duncan et al. (2014) 0.53 0.26 0.81 0.000
0.16 0.06 0.26 0.003 > |
-1.00 -0.50 0.00 0.50 1.00
Favors placebo Favors caffeine
4, Discussion

The main finding of the present meta-analysis suggests that acute caffeine ingestion may increase
isokinetic strength when compared to placebo. Furthermore, it appears that caffeine improves strength
predominantly in the knee extensors and at higher angular velocities. Given its performance-enhancing
effect, caffeine may be used as an effective aid for an amplified acute training stimulus. Based on the
good and excellent quality of the included studies it can be concluded that the results of the present

analysis are not confounded by studies with poor methodological quality.

The results presented herein corroborate previous meta-analytic data by Warren et al.*®

and Grgic et
al.** As previously discussed, Warren et al.*® found that caffeine may have a greater effect on the knee
extensor musculature than on smaller muscle groups such as elbow flexors. Knee extensor activation
is usually around 85 to 95% of its maximal capacity during a maximal voluntary contraction.*’ In

contrast to knee extensors, smaller muscle groups such as the plantar flexors are activated up to 99%

of their maximum during a maximal voluntary contraction.*’ Thus, given the possible ceiling effect of
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activation in smaller muscle groups, Warren et al.’s suggestion was that the enhancement of central
excitability**? and increase in motor unit recruitment*-** with caffeine ingestion might predominately
be manifested in the knee extensors.™® Our results appear to confirm such an effect. The work by Black
et al.*® provided some further support for these results. The authors used the interpolated-twitch
electrical stimulation protocol and examined the percentage of motor-unit recruitment of the knee
extensors and the elbow flexors during a strength assessment. Before the ingestion of caffeine, the
mean percentage of motor-unit recruitment of the elbow flexors during a maximal voluntary
contraction was at 97%. However, for the knee extensors, the values were only 83%. Likely because
of these differences at baseline, after the ingestion of caffeine, a significant increase (p = 0.014;
+6.3%) in maximal voluntary contraction was seen in the knee extensors, but not in the elbow flexors.
While the present meta-analysis does show that caffeine ingestion may have a significant effect on the
strength of knee extensors, given the small number of studies (i.e., seven) that are directly comparing

the effects of caffeine on smaller vs. larger muscle groups, future work is warranted.

Besides the increases in motor-unit recruitment, it has been suggested that a decrease in pain
perception might contribute to the enhanced strength with caffeine ingestion.*" *? Caffeine is a
competitive adenosine receptor antagonist, and thus, after ingestion, binds to A; and A2, adenosine
receptors.* Due to its analgesic properties (which are likely due to the modification of caffeine on
nociceptive processing),’ caffeine is used in a variety of pain medications.** ** Motl and colleagues
reported a reduction in pain perception after the ingestion of caffeine in prolonged, aerobic exercise.*
Only one of the ten included studies in the present review examined the effects of caffeine on strength
and the associated pain perception values. Tallis and Yavuz® reported no effect of caffeine on pain
perception, even though significant increases in peak torque of the knee extensors was seen both with
the 3 mg-kg™ and 6 mg-kg™ caffeine dose. These results would suggest that different mechanism(s)
other than reductions in pain perception contributed to the enhanced performance. One often proposed

mechanism is that caffeine increases intracellular calcium ion concentrations,*® which in turn enhances
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cross-bridge attachment and hence force production (as reviewed by Sékmen and colleagues).*’

However, it is evident that future work is needed in this area before making any firm conclusions.

The effects of caffeine on isokinetic strength as assessed by different angular velocities may not be
uniform.® To explore this matter, we conducted a subgroup analysis focusing on the effects of
caffeine on strength at different angular velocities. The results of this analysis indicated that caffeine
ingestion may have a more pronounced effect on strength when assessed at greater velocities (such as

60 and 180°-s %) as compared to a lower angular velocity of 30°-s*

. These results provide some
support for the findings by Tallis and Yavuz* who also observed that caffeine ingestion may have a
greater effect at higher velocities. While this is indeed an exciting finding, given the small number of
studies, these results should be interpreted with a degree of caution. Specifically, the analyses for

angular velocities of 30, 60, and 180°-s~* included only six, three, and three studies, respectively.

Given this limitation, future work on this topic is needed.

Only two studies examined the effects of caffeine on both upper and lower-body strength in the same
cohort, with equivocal findings.** ** Due to the lack of such studies, it could not be explored whether
there is a differential response to caffeine ingestion between upper and lower-body. Timmins and
Saunders® investigated the effect of 6 mg-kg™ of caffeine on isokinetic strength of knee extensors,
ankle plantar flexors, elbow flexors, and wrist flexors. The authors reported that caffeine ingestion
improved strength in all muscle groups, with the increases ranging from +6.3% to +13.7%. In contrast
to these results, Tallis and Yavuz®® reported that 3 mg-kg™ and 6 mg-kg™ of caffeine increased strength
only in the knee extensors, but not in the upper-body musculature (i.e., elbow flexors). It might be that
these differences in results are due to the training status of the participants as Timmins and Saunders®

included resistance-trained men, while Tallis and Yavuz*® included individuals without any previous
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resistance exercise experience. That said, this remains speculative at this point and thus, this area

merits further research.

Besides the effects of caffeine on pain perception, the effects of caffeine on strength at different
velocities, and the effects of caffeine on upper vs. lower-body strength, several interesting areas could
be explored in future research. For instance, future studies are needed among women as, out of the 133
pooled participants across the studies, 120 of them were men. Also, none of the studies explored
whether there is a sex-specific response to caffeine ingestion, which is something that might be of
interest for future studies. Furthermore, most of the studies used only a single dose of caffeine, most
commonly between 3-7 mg-kg™. Of the two studies that did utilize multiple caffeine doses, Tallis and
Yavuz*® reported that both the lower (3 mg-kg™) and the higher (6 mg-kg™) caffeine doses enhanced
strength in the lower-body musculature. Astorino and colleagues compared 2 and 5 mg-kg™ caffeine
doses, while finding that only the higher dose enhanced performance. As such, it is not clear what the
optimal caffeine dose is for enhancing strength, and indeed this may even differ for both contraction
type® and individuals.* Thus, future research may wish to explore the dose-response of caffeine
ingestion of isokinetic performance. Also, given that only two studies compared the effects of caffeine

on concentric vs. eccentric muscle actions,®!*® future studies addressing this subject are also needed.

It is well-established that there is a considerable inter-individual variation in the responses to caffeine
ingestion.® Using a 10-km cycling time trial, Guest et al.*® recently reported that the CYP1A2 gene
impacts the ergogenic effects of caffeine on performance. The results showed that the AA genotype
increased performance following caffeine ingestion, while the C allele carries either showed no
improvement (AC genotype) or even decreases in performance (CC genotype) with caffeine. Similar
results have been reported in terms of the effect of acute caffeine ingestion on muscular endurance,*
although the impact on maximum strength is currently unexplored, representing a future avenue for

exploration.
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Finally, only one of the studies in this meta-analysis examined the impact of caffeine in older adults,
reporting no significant effects of caffeine on isokinetic strength in the knee extensors. Using a mice
model, the same research group reported a reduction (but not an elimination) of the ergogenic effects
of caffeine on strength performance in older muscles.*® This results tentatively suggest the potential
for a reduction in caffeine sensitivity, mediated by a reduction in excitation-contraction coupling, with

age.>® Again, future research in this area is required to confirm these initial findings.

From a practical standpoint, the main use of isokinetic tests is in assessing strength, as opposed to its
use as a training aid. These results suggest that the outcomes of such an assessment could be modified
by caffeine ingestion. As such, when utilizing isokinetic strength assessments, researchers and
practitioners should attempt to control for caffeine intake, particularly when seeking to explore

differences between individuals.

5. Conclusion

In conclusion, this meta-analysis demonstrates that acute caffeine ingestion may lead to significant
increases in isokinetic strength performance. Additionally, this meta-analysis reports that the effects of
caffeine on isokinetic muscular strength are predominantly manifested in knee extensor muscles and at
higher angular velocities. Finally, these conclusions are based on studies with excellent to good

methodological quality, and on analyses with low levels of heterogeneity.



323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

345

346

347

348

15

10.

11.

12.

References

Graham TE. Caffeine and exercise: metabolism, endurance and performance. Sports Med
2001; 31(11):785-807.

Mitchell DC, Knight CA, Hockenberry J et al. Beverage caffeine intakes in the U.S. Food
Chem Toxicol 2014; 63:136-142.

Del Coso J, Muiioz G, Mufioz-Guerra J. Prevalence of caffeine use in elite athletes following
its removal from the World Anti-Doping Agency list of banned substances. Appl Physiol Nutr
Metab 2011; 36(4):555-561.

Van Thuyne W, Roels K, Delbeke FT. Distribution of caffeine levels in urine in different
sports in relation to doping control. Int J Sports Med 2005; 26(9):714-718.

Astorino TA, Roberson DW. Efficacy of acute caffeine ingestion for short-term high-intensity
exercise performance: a systematic review. J Strength Cond Res 2010; 24(1):257-265.

Davis JK, Green JM. Caffeine and anaerobic performance: ergogenic value and mechanisms
of action. Sports Med 2009; 39(10):813-832.

Goldstein E, Jacobs PL, Whitehurst M et al. Caffeine enhances upper body strength in
resistance-trained women. J Int Soc Sports Nutr 2010; 7:18.

Grgic J, Mikulic P. Caffeine ingestion acutely enhances muscular strength and power but not
muscular endurance in resistance-trained men. Eur J Sport Sci 2017; 17(8):1029-1036.
Astorino TA, Rohmann RL, Firth K. Effect of caffeine ingestion on one-repetition maximum
muscular strength. Eur J Appl Physiol 2008; 102(2):127-132.

Tallis J, Duncan MJ, James RS. What can isolated skeletal muscle experiments tell us about
the effects of caffeine on exercise performance? Br J Pharmacol 2015; 172(15):3703-3713.
Astorino TA, Martin BJ, Schachtsiek L et al. Minimal effect of acute caffeine ingestion on
intense resistance training performance. J Strength Cond Res 2011; 25(6):1752-1758.
Maughan RJ, Burke LM, Dvorak J et al. IOC consensus statement: dietary supplements and

the high-performance athlete. Br J Sports Med 2018; 52(7):439-455.



349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

16

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

Warren GL, Park ND, Maresca RD et al. Effect of caffeine ingestion on muscular strength and
endurance: a meta-analysis. Med Sci Sports Exerc 2010; 42(7):1375-1387.

Grgic J, Trexler ET, Lazinica B et al. Effects of caffeine intake on muscle strength and power:
a systematic review and meta-analysis. J Int Soc Sports Nutr 2018; 15:11.

Abernethy P, Wilson G, Logan P. Strength and power assessment. Issues, controversies and
challenges. Sports Med 1995; 19(6):401-417.

Lord SR, Clark RD, Webster IW. Physiological factors associated with falls in an elderly
population. J Am Geriatr Soc 1991; 39(12):1194-1200.

Bourne MN, Opar DA, Williams MD et al. Eccentric knee flexor strength and risk of
hamstring injuries in rugby union: a prospective study. Am J Sports Med 2015; 43(11):2663-
2670.

Timmins RG, Bourne MN, Shield AJ et al. Short biceps femoris fascicles and eccentric knee
flexor weakness increase the risk of hamstring injury in elite football (soccer): a prospective
cohort study. Br J Sports Med 2016; 50(24):1524-1535.

Baker D, Wilson G, Carlyon B. Generality versus specificity: a comparison of dynamic and
isometric measures of strength and speed-strength. Eur J Appl Physiol Occup Physiol 1994;
68(4):350-355.

Gentil P, Del Vecchio FB, Paoli A et al. Isokinetic dynamometry and 1RM tests produce
conflicting results for assessing alterations in muscle strength. J Hum Kinet 2017; 56:19-27.
Perrin DH. Isokinetic exercise and assessment. Champaign, Human Kinetics, 1993.
Ploutz-Snyder LL, Giamis EL. Orientation and familiarization to 1RM strength testing in old
and young women. J Strength Cond Res 2001; 15(4):519-523.

Kues JM, Rothstein JM, Lamb RL. Obtaining reliable measurements of knee extensor torque
produced during maximal voluntary contractions: an experimental investigation. Phys Ther
1992; 72(7):492-501

Bond V, Gresham K, McRae J et al. Caffeine ingestion and isokinetic strength. Br J Sports

Med 1986; 20(3):135-137.



376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

17

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Jacobson BH, Weber MD, Claypool L et al. Effect of caffeine on maximal strength and power
in élite male athletes. Br J Sports Med 1992; 26(4):276-280.

Astorino TA, Terzi MN, Roberson DW et al. Effect of two doses of caffeine on muscular
function during isokinetic exercise. Med Sci Sports Exerc 2010; 42(12):2205-2210.
Bazzucchi I, Felici F, Montini M et al. Caffeine improves neuromuscular function during
maximal dynamic exercise. Muscle Nerve 2011; 43(6):839-844.

Tallis J, Duncan MJ, Wright SL et al. Assessment of the ergogenic effect of caffeine
supplementation on mood, anticipation timing, and muscular strength in older adults. Physiol
Rep 2013; 1(3):e00072.

Duncan MJ, Thake CD, Downs PJ. Effect of caffeine ingestion on torque and muscle activity
during resistance exercise in men. Muscle Nerve 2014; 50(4):523-527.

Timmins TD, Saunders DH. Effect of caffeine ingestion on maximal voluntary contraction
strength in upper- and lower-body muscle groups. J Strength Cond Res 2014; 28(11):3239-
3244,

Ali A, O'Donnell J, Foskett A et al. The influence of caffeine ingestion on strength and power
performance in female team-sport players. J Int Soc Sports Nutr 2016; 13:46.

Tallis J, Muhammad B, Islam M et al. Placebo effects of caffeine on maximal voluntary
concentric force of the knee flexors and extensors. Muscle Nerve 2016; 54(3):479-486.

Tallis J, Yavuz HCM. The effects of low and moderate doses of caffeine supplementation on
upper and lower body maximal voluntary concentric and eccentric muscle force. Appl Physiol
Nutr Metab 2018; 43(3):274-281.

Pickering C, Kiely J. Are the current guidelines on caffeine use in sport optimal for everyone?
Inter-individual variation in caffeine ergogenicity, and a move towards personalised sports
nutrition. Sports Med 2018; 48(1):7-16.

Maher CG, Sherrington C, Herbert RD et al. Reliability of the PEDro scale for rating quality
of randomized controlled trials. Phys Ther 2003; 83(8):713-721.

McCrary JM, Ackermann BJ, Halaki M. A systematic review of the effects of upper body

warm-up on performance and injury. Br J Sports Med 2015;49(14):935-942.



404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

18

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

Grgic J. Caffeine ingestion enhances Wingate performance: a meta-analysis. Eur J Sport Sci
2018; 18(2):219-225.

Higgins JPT, Deeks JJ, Altman DG. Cochrane handbook for systematic reviews of
interventions version 5.1.0. Chapter 16.1.3.2: Imputing standard deviations for changes from
baseline. In: Higgins JP, Green S, editors. The Cochrane collaboration, 2011.

Rosenthal R, Rosnow RL. Essentials of Behavioral research: methods and data analysis. New
York, McGraw-Hill, 1984.

Shield A, Zhou S. Assessing voluntary muscle activation with the twitch interpolation
technique. Sports Med 2004; 34(4):253-267.

Kalmar JM. The influence of caffeine on voluntary muscle activation. Med Sci Sports Exerc
2005; 37(12):2113-2119.

Kalmar JM, Cafarelli E. Caffeine: a valuable tool to study central fatigue in humans? Exerc
Sport Sci Rev 2004; 32(4):143-147.

Black CD, Waddell DE, Gonglach AR. Caffeine's ergogenic effects on cycling:
neuromuscular and perceptual factors. Med Sci Sports Exerc 2015; 47(6):1145-1158.
McLellan TM, Caldwell JA, Lieberman HR. A review of caffeine's effects on cognitive,
physical and occupational performance. Neurosci Biobehav Rev 2016; 71:294-312.

Motl RW, O'Connor PJ, Dishman RK. Effect of caffeine on perceptions of leg muscle pain
during moderate intensity cycling exercise. J Pain 2003; 4(6):316-321.

Herrmann-Frank A, Luttgau HC, Stephenson DG. Caffeine and excitation-contraction
coupling in skeletal muscle: a stimulating story. J Muscle Res Cell Motil 1999; 20(2):223-237.
Sokmen B, Armstrong LE, Kraemer WJ et al. Caffeine use in sports: considerations for the
athlete. J Strength Cond Res 2008; 22(3):978-986.

Guest N, Corey P, Vescovi J et al. Caffeine, CYP1A2 genotype, and endurance performance
in athletes. Med Sci Sports Exerc 2018. doi: 0.1249/MSS.0000000000001596

Rahimi R. The effect of CYP1A2 genotype on the ergogenic properties of caffeine during
resistance exercise: a randomized, double-blind, placebo-controlled, crossover study. Ir J Med

Sci 2018. doi: 10.1007/s11845-018-1780-7



432

433

434

435

19

50. Tallis J, James RS, Cox VM et al. Is the ergogenicity of caffeine affected by increasing age?
The direct effect of a physiological concentration of caffeine on the power output of
maximally stimulated EDL and diaphragm muscle isolated from the mouse. J Nutr Health

Aging 2017; 21(4):440-448.



