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Abstract

Objectives: To determine whether caffeine supplementation and its expectancy influ-
ence muscle strength (ST) and muscle endurance (ME) using a balanced-placebo design.
Methods: Using a randomized, double-blind, balanced-placebo design, resistance-trained
men (18-30 years; n = 16) participated in two assessment/familiarization visits (demo-
graphics; one repetition maximum (1RM) followed by four counterbalanced sessions: C/C
(informed caffeine/used caffeine), P/C (informed placebo/used caffeine), C/P (informed
caffeine/used placebo), P/P (informed placebo/used placebo). Caffeine dose was 5 mg/kg.
Peak torque (PT) and maximum work (MW) were measured in the knee extensors at 0,
60, 180, and 300° /s, which was followed by ME testing (three sets of maximal repetitions
using 60%1RM). Capillary blood lactate was measured after ME testing. Results: Caffeine
increased PT only during static and 60°/s contractions (4%; p < 0.003; d = 0.3 for both
speeds), while MW increased across all speeds (4%; p < 0.001; d = 0.2). Caffeine did not
increase ME (3%; p = 0.184; d = 0.1), but it did increase blood lactate levels (1.2 mmol/L;
p <0.001; d = 0.7). Caffeine expectation did not improve ST or ME, but increased blood
lactate levels (0.7 mmol/L; p = 0.003; d = 0.4). Across ST and ME, responses to caffeine
were markedly heterogeneous, with 50-88% of individuals considered responders (A > 0),
and improvements in responders ranged from 1-16%. Conclusions: Caffeine significantly
increased ST, despite ME increasing in 50% of participants, this was not significant. No
placebo effect was observed in ST or ME, but it significantly increased lactate. Further re-
search is necessary to elucidate the mechanisms behind this variability in the ME response,
especially the role of fiber-type predominance.

Keywords: resistance exercise; isokinetic dynamometry; torque production; placebo effect;
anaerobic metabolism

1. Introduction

Caffeine (1,3,7-trimethylxanthine) is the world’s most widely consumed psychoac-
tive substance, and is widely recognized for its ergogenic benefits in physical perfor-
mance [1-5], with 46-74% of athletes reporting its use during international and national
competitions [6,7]. An interesting example can be observed in elite English soccer clubs,
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where a survey indicated that 97% of clubs supply caffeine to players to enhance their per-
formance [8]. The benefit of caffeine is not limited to professional athletes, with abundant
data across various cohorts [4,9,10].

Caffeine is best known for enhancing endurance-related exercise performance [11].
However, numerous studies also show its capacity to increase maximum strength and mus-
cular endurance acutely [10,12], with a meta-analysis reporting small effect sizes (Cohen’s d)
in both maximum strength and muscle endurance, 0.2 and 0.3, respectively [3]. In contrast
to the apparent consistency across meta-analyses, several caffeine supplementation studies
consistently report heterogeneous results: some have found positive effects [4,9,13-17],
while others have not [18-21]. The aforementioned studies exhibit similarities in caffeine
dosage and supplementation timing, and, in some instances, exercise protocols, thereby
leaving an open gap for further investigation into the reasons why improvements are
observed in some cases while not in others. This heterogeneity of findings may be ex-
plained by the sensitivity of the instrument or task used to measure performance, the
training level of the volunteers evaluated, the muscle group used, the type of muscle
contraction, the type of test used, age, sex, individual capacity to metabolize caffeine (e.g.,
variations in CYP1A2 gene), and to genetic variations of the adenosine A4 receptor gene
(ADORA2A) [1,3,11,12,22-24].

Amidst these controversies, another important factor emerges—the placebo effect.
The placebo effect has been widely studied in the medical field related to analgesia [25].
It can be defined as a positive response, such as a decrease in pain, depression, and/or
improvement in physical performance, when an inert substance, intervention, or treatment
is applied [25,26]. Therefore, considering that one of the potential ergogenic mechanisms
of caffeine involves the perception of reduced pain and effort [27], it is reasonable to
hypothesize that positive expectations concerning caffeine may also induce a placebo
effect, as seen in studies investigating the effect of caffeine expectation on multiple rep-
etition protocols. [28-30]. A meta-analysis assessing the placebo effect on exercise per-
formance [26] concluded that the placebo effect may be a significant factor in sports per-
formance. In some real-world scenarios, small improvements may have great practical
importance [26,31,32]; a small-to-moderate effect size induced by placebo (0.4)—as reported
by the meta-analysis [26]—could be greater than caffeine’s previously reported small effect
(0.2-0.3) on muscle strength and endurance [3]. A question then arises: May the increase
in maximum strength or muscular endurance due to caffeine consumption be partially
influenced by its expectancy (i.e., a placebo effect)?

The double-blind research model is typically used to control the placebo effect and, in
theory, would inhibit performance improvement solely based on participant expectation.
However, it still has shortcomings [25], with most research on the subject stemming from the
medical field, specifically on analgesia [33] and, more recently, on physical performance [30].
A particular concern with the double-blind model and caffeine supplementation revolves
around blinding. Due to its well-known effects and, sometimes, participant familiarity with
using caffeine, double-blind research participants often accurately identify the caffeine trial.
Depending on the dose, 31-100% participants have been able to accurately identify the
caffeine trial in blinded studies [34-36]. Thus, a major concern, and recent research seems
to support this notion, is that participants often modulate their behavior when they believe
they did not receive an ergogenic aid and underperform in placebo trials [36,37]. Thus,
it is possible that the effect of caffeine could be inflated by this underperformance in the
placebo trial.

As additional evidence supporting careful control of expectancy effects, a recent
sodium bicarbonate study [38] (a supplement often associated with improved exercise
performance [39]) used a placebo/nocebo design to test whether expectations modulate
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physical performance. Briefly, participants ingested sodium bicarbonate across conditions
but received different instructions indicating that the supplement could be inert, ergogenic,
or deleterious. Although sodium bicarbonate induced alkalosis in all trials, performance
improvements occurred only when participants were told the supplement would have a
positive effect [38].

Considering that the overwhelming majority of studies used the double-blind de-
sign [3], the use of a different experimental design to measure the effect of caffeine is
justified [31,32,37], aiming to distinguish whether the increase in performance is exclusively
from its physiological effect or if it results from the expectation of performance-enhancing
effects, the placebo effect [26,28]. A clear example of this is seen in a study that employed a
balanced placebo design to assess the effect of caffeine on 1000-m running performance in
middle-distance athletes and reported that believing to have ingested caffeine improved
performance in the same manner as actually receiving caffeine [40]. Further studies that
take into account the potential placebo effect when assessing the ergogenic effects of caffeine
on muscle strength and muscle endurance are warranted [37,41].

If a substantial placebo effect is present under caffeine supplementation, it implies
that the modest influence of caffeine on muscle strength and endurance may be mini-
mal or negligible. Consequently, prior research findings obtained through double-blind
methodologies may need reevaluation. Thus, we aimed to assess the effect of caffeine sup-
plementation (5 mg/kg of body mass) on the maximal strength and muscular endurance
of trained young men using the experimental design known as the “balanced placebo
design” [31,32]. As a secondary aim, we also explored individual variability in response to
caffeine supplementation and the placebo effect. We hypothesized that caffeine supplemen-
tation would significantly increase muscle strength and muscle endurance. Similarly, we
hypothesized that the placebo effect would significantly improve physical performance,
i.e., that caffeine expectation would increase muscle strength and muscle endurance. Lastly,
we hypothesized that the effect of caffeine and its expectation would be heterogeneous
among participants in both muscle strength and endurance.

2. Materials and Methods
2.1. Participants and Study Overview

A non-random sampling method was employed. A poster was placed on the Uni-
versity grounds with contact information to participate in the research. A priori sample
size calculation using G*Power 3.1 determined a sample size of 12 participants to detect
an effect size of 0.2 («x = 0.05; power of 0.80; four measurements; 0.85 of correlation among
measures) for a repeated measures ANOVA (within factors) analysis of the primary aim.
Our study aimed to recruit a larger sample to account for a possible heterogeneity in caf-
feine response. A total of 25 physically active young men who met all the inclusion criteria
were recruited. Participants were between 18-30 years old, reportedly healthy without
cardiometabolic conditions, non-smokers, not using any medication, engaged in resistance
training for at least six months, familiar with the squat technique, lacking any type of injury
that prevented them from exercising, without any known allergy or sensitivity to caffeine,
not using anabolic steroids or performance enhancing supplements during the study, and
abstaining from caffeine supplements for at least a week before testing. We recruited only
resistance-trained men to enhance the reliability of the one-repetition maximum and muscle
endurance tests, and also to minimize the variability of the caffeine response related to
training status [42,43] and sex differences [44].

All participants provided written informed consent. Nine volunteers did not complete
all testing days, resulting in a final sample of 16. Eight volunteers who withdrew reported
a lack of time as the reason for not completing all testing sessions, as sessions had to be
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completed in the morning. One volunteer reported that his back was sore after performing
the muscle endurance test for the first time and chose not to continue with the study. This
research was approved by the Human Research Ethics Committee of the School of Health
Sciences (CEP-FS) under CAAE: 44527715.0.0000.0030 and was done in accordance with
the most recent revisions to the Declaration of Helsinki, with all recruited participants
providing written informed consent. This study was retrospectively registered in the
Brazilian Registry of Clinical Trials (ReBEC), Brazil (registration number: RBR-8h8hbtx).
The ReBEC is recognized by the World Health Organization’s International Clinical Trials
Registry Platform (ICTRP). This trial was not registered prospectively because, at the time
the study was planned, it did not meet the local definition of a clinical trial as it did not
involve any “clinical, pharmacological, or pharmacodynamic effects” [45]. Our study also
did not align with mandatory trial registration prescribed by Brazilian regulations [46].

2.2. Experimental Design

The study consisted of six sessions, with a minimum of 2 days and a maximum of
2 weeks between experimental sessions to accommodate participants” individual schedules
while allowing sufficient rest. To ensure consistent recovery and preparedness for this
research, participants were instructed to refrain from performing lower-body resistance
training throughout the entire experiment and from engaging in strenuous upper-body
resistance training, aerobic exercise, or playing sports 48 h prior to an experimental session.
The first two sessions aimed to increase internal validity, repeatability, and obtain basic
study data (e.g., anthropometrics), familiarizing the participant with the procedures and
questionnaires (first session), and one control session had the same procedures as the
experimental session, but without any supplementation being given. These two sessions
were followed by four randomized experimental sessions. The experimental sessions were
scheduled with an average of 5 days between sessions.

This study employed a double-blind “balanced-placebo design” research model [31,32].
In all four experimental sessions, the participants received pills (containing a placebo or
caffeine) without being able to discriminate between them. The researcher informed the
participants that they were receiving caffeine in two different sessions and a placebo in the
other two, while being blind to the real content of the pills. Thus, participants could receive
caffeine and be informed that they were receiving caffeine in one session (C/C session) or
receive caffeine while being told they were receiving a placebo (P/C session). Participants
could also receive a placebo pill and be told that it was caffeine (C/P session) or receive
a placebo while being told they were receiving a placebo (P/P session). Figure 1 shows a
diagram to facilitate the understanding of the experimental sessions.

The order of the experimental sessions was randomized. One of the researchers (K.E.F.)
was responsible for randomizing the order of the experimental sessions. Four session orders
were prespecified, with the exception that caffeine sessions were separated by one placebo
session to maximize washout (e.g., C/P, P/C, P/P, and C/C). Each order was assigned a
unique number using a random number generator (1-4), and participants were allocated
to orders sequentially based on enrollment order. The same researcher (K.E.F.) would
calculate the correct supplement dosage and request that a lab technician assemble four
packages (one for each experimental session), each labeled with the letter corresponding to
the order of the sessions (A for the first, B for the second, and so on), which were confirmed
before data collection by the lead researcher (E.M.K.V.K.S). The order of the sessions was
kept confidential until the end of the research and was known only to K.E.F.,, who was not
involved in data collection.
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COMMUNICATED TO THE PARTICI-
PANT
CAFFEINE PLACEBO
Informed that they | Informed that they
CAFFEINE received caffeine/ received a placebo/
received caffeine received caffeine
RECEIVED BY THE (C/O) (P/C)
PARTICIPANT Informed that they | Informed that they
PLACEBO received caffeine/ received a placebo/
received placebo received placebo
(C/P) (P/P)

Figure 1. Schematic diagram of the placebo-balanced design. The first letter of each acronym
represents the information given to the research participant, and the second letter is what the
participant actually received. To facilitate understanding, the actual substance used is in bold, and
the substance communicated to the participant is italicized.

A caffeine dosage of 5 milligrams per kilogram of body mass was used, as it has
been found to be effective in previous studies [18,47,43] while presenting a relatively low
incidence of side effects, which is essential to facilitate the blinding of the volunteer and
researcher [22]. Both caffeine and placebo pills (pharmaceutical talc) were formulated in a
compounding pharmacy. The formulated caffeine capsules contained 50 or 100 mg and
were combined in order to achieve the desired supplementation dosage for different body
masses as closely as possible (average dosage 5.0 mg/kg, range 4.6-5.3 mg/kg). Both the
caffeine and placebo capsules had four different colors to ensure participants did not see
the same color capsules during the experiment, helping blind them and the researcher
performing the tests.

2.3. Procedures

In the first session, participants were familiarized with the tests and research proce-
dures, completed a brief health history, performed anthropometric measurements, and
were introduced to the questionnaires used by this study. After being introduced to the
isokinetic equipment and ST test (1 maximal static contraction, 4 repetitions at three differ-
ent speeds), they performed a Smith Machine Squat one-repetition maximum (1RM). The
procedures for the muscular endurance test (ME) were then explained, followed by a brief
familiarization. After the first session, participants’ body weight was reported to a different
researcher who was responsible for preparing the correct dosage/pills for each participant
according to the experimental session planned

After a minimum of 48 h from the first session, the familiarization session occurred.
Upon arrival, participants answered the Perceived Recovery Status (PRS) scale, then per-
formed another 1RM squat to confirm the previous value, and the ST and ME tests were
performed for the first time. In the experimental sessions, participants received a placebo or
caffeine (5 mg/kg of body weight) alongside information about the pill’s content according
to the experimental design and then answered the Caffeine Side-Effects Questionnaire
(CSE) four times every 15 min. The ST and ME tests were performed one hour after
participants ingested the supplements. Capillary blood lactate was measured in the 2nd,
4th, and 6th minutes after the ME test. Blood lactate was only measured during the
experimental sessions.
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2.4. Measurements
2.4.1. Demographic Data and Questionnaires

In the first session, the researcher asked participants about their date of birth, duration,
and frequency of strength training sessions, as well as the weekly frequency and duration
of their physical activities (if any). Additionally, the researcher inquired whether the
participants performed free squats or used a Smith machine and whether they engaged in
any other physical activities, previous use of supplements, their perception of pre-workout
supplements, their acute and chronic health status, smoking habits, sensitivity to caffeine,
drug use, and any past use of anabolic steroids. After that, the researcher administered the
Physical Activity Readiness Questionnaire (PAR-Q) [49] and asked participants about their
dietary caffeine consumption. Participants were asked to maintain their habitual diet and
caffeine consumption throughout the duration of the study.

Participants were also introduced to the Perceived Recovery Status (PRS) scale, with
researchers explaining how to interpret the numerical and verbal anchors. The PRS was
answered at the beginning of the control session and in every experimental session. Briefly,
after warming up, participants were asked to estimate their recovery by indicating a number
from 0 to 10, with a rating of >5 being associated with sufficient recovery [50].

Lastly, participants were introduced to the Caffeine Side-Effects Questionnaire (CSE).
The CSE contains eight items in total, with seven being ergolytic effects of caffeine consump-
tion (muscle soreness, diuresis, tachycardia/heart palpitations, anxiety, headache, gastroin-
testinal discomfort, and insomnia) and one ergogenic effect (increased vigor/activeness).
When presented with the items, the participant verbally reported each item, indicating yes
or no for each of the listed effects. The scale was used immediately after supplementation
and every 15 min thereafter until one hour had passed.

2.4.2. Anthropometry and Body Composition

Body mass was measured using an electronic scale with an accuracy of 0.5 kg (P 150M,
Lider, Rio de Janeiro, Brazil) and height using a wall stadiometer with an accuracy of
0.1 mm (ES2020, Sanny, Sao Paulo, Brazil). Body composition was assessed using dual-
energy X-ray absorptiometry (Lunar 8743 enCORE version 16, GE Health Care, Madison,
WI, USA) on a separate day.

2.4.3. Muscle Strength Testing Using an Isokinetic Dynamometer

To measure maximum strength (ST) in this study, an isokinetic dynamometer (System
IV, Biodex Medical, Shirley, NY, USA) was used. The equipment was calibrated on every
testing day in accordance with the manufacturer’s recommendations. Participants were
adjusted to the equipment following the manufacturer’s guidelines. The participant was
instructed to exert as much force as possible in the concentric phase of knee extension and
not to exert force in the flexion phase. Participants performed a warm-up consisting of
twelve repetitions at 180° /s, with researchers instructing them to gradually increase the
force of contractions with the last three at maximal levels [51].

After the warm-up, ST testing began: two sets of one maximal isometric contraction at
a knee flexion angle of 60° (0° being equivalent to a complete knee extension), two sets of
four maximal voluntary contractions at 60°/s, 180° /s, 300° /s, with a two-minute interval
between sets. All sets were performed on the right lower limb.

2.4.4. Muscle Endurance Test

The muscular endurance (ME) protocol consisted of three sets of maximum repetitions
performed until volitional fatigue, characterized by the inability to perform a concentric
contraction. A 10-15 min interval was given between the ST and ME tests. Participants
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squatted using a Smith machine (guided bar) with a load of 60% 1RM [30,52] and a three-
minute strictly controlled passive recovery between each set. The eccentric and concentric
contraction phases were performed in two seconds each. The cadence was maintained
using a digital metronome (MetronomeFree, Geppo Production, Tortoli, Italy) at a rate of
60 bpm. To help the subject perform the movement at the correct cadence, the researcher
counted the movement times (one, two, three, four), informing the subject in advance that
at “two” they should be at the end of the eccentric phase and at “four” they should finish
the concentric phase of the movement.

In order to standardize the repetition range of motion, an elastic band was placed in
the equipment so that participants would know when to start the concentric phase, limiting
the knee flexion angle to approximately 80° (parallel squat). The position of the band was
adjusted individually in the familiarization session for the 1RM test and was maintained
in all following sessions. In our study, we opted to use three sets for the ME test, based
on previous findings that caffeine may present its ergogenic effect only under fatiguing
conditions [53,54].

2.4.5. One-Repetition Maximum (1RM) Testing

The 1RM test protocol consisted of the following steps: an 8-repetition warm-up
with an estimated load of 50% of the 1RM, followed by a one-minute rest, and then three
repetitions with an estimated load of 70% of the 1RM. Finally, after another one-minute
break, three to five attempts were performed to determine 1RM, with a five-minute break
between them, with the value of the largest load used in the last successful attempt being
recorded [51,55]. All 1RM values had less than 5% of variation between tests.

2.4.6. Lactate Measurement

To analyze the potential influence of caffeine supplementation on anaerobic metabolism,
blood lactate measurements were taken during the resting period before the tests and at
the 2nd, 4th, and 6th minutes after the ME test. After aseptic cleaning, the earlobe was
punctured with a disposable lancet. A volume of 25 uL (microliters) of arterialized capillary
blood was obtained by using heparinized capillary tubes and then placed in Eppendorf
tubes with 50 uL of 1% sodium fluoride for later analysis. Lactate concentrations (mmol/L)
were measured using a lactate analyzer, model YSI 2300 Sport (Yellow Springs Inc., Yel-
low Springs, OH, USA), which operates by the electroenzymatic method. The analyzer
was calibrated using a 5 mmol/L standard every ten measurements for greater precision,
following the manufacturer’s recommendations. The YSI 2300 Sport has a reported coef-
ficient of variation between 0.8 and 3.7% [56]. All exercise blood samples were analyzed
at least twice to ensure precision. The average value was recorded. When the difference
between measurements exceeded 0.5 mmol/L, a third dosage was performed (10.9% of
128 measurements).

2.5. Statistical Analysis

For statistical analysis, Microsoft Excel (version 14.0, Washington, DC, USA) soft-
ware was used to record the data, and JASP (v. 0.19, Amsterdam, The Netherlands) was
used for analysis. GraphPad Prism (v. 10.5, Boston, MA, USA) was used for graph-
ing. Data were described in terms of mean and standard deviation. A 2 x 2 ANOVA
(Informed x Received) was performed using the results from the ME test (total reps and
session volume [reps x weight]), and lactate (2nd, 4th, and 6th minutes) as dependent
variables. To analyze the effect of using and expecting caffeine on ST, we performed a
2 x 2 x 4 ANOVA for peak torque (Informed x Received x Contraction Speed) and a
2 x 2 x 3 ANOVA for maximal work (Informed x Received x Contraction Speed). A
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one-way ANOVA (one factor) was used to compare the resting lactate values. For post-hoc
analyses and multiple T-tests, we employed Holm’s correction.

Following the rationale of the two-way ANOVA [37], we calculated for each individual
caffeine’s effect using the sum of the results of the two sessions where the participant
received caffeine minus the sum of the results from the two sessions where they received
a placebo, divided by two (Equation (1)). Similarly, we calculated the effect of expecting
to receive caffeine using the difference between the sum of the results of the two sessions
where the participant was informed that they were receiving caffeine, minus the sum of
the results from the two sessions where they were told they were receiving a placebo,
divided by two (Equation (2)). We also calculated a relative change in caffeine usage and
expectation effect using the results from Equations (1) and (2) as a percentage change in
the individual’s performance in the control session. We analyzed whether caffeine’s effect
and expectancy were significantly greater than zero using a single-sample T-test. Session
acronyms in the equations are the same as Figure 1.

(C/C+P/C)—(C/P+P/P)

Caffeine's effect (EFF) : 5

1)

(C/C+C/P)— (P/C+P/P) @)
2

Lastly, we explored the association between caffeine’s effect on ST and ME with

Caffeine’s expectancy effect (EXP) :

caffeine consumption, body fat percentage, and relative maximal strength (1RM/body
weight) by performing a Pearson correlation. We considered responders to caffeine to be
those who showed an improvement in performance of >0%. When caffeine expectancy
improved performance >0%, participants were considered as having a placebo response.

The significance level adopted for all analyses was p < 0.05. The strength of Pearson’s
correlation coefficient was interpreted as small (r > 0.1 and <0.3), moderate (r > 0.3 and
<0.5), large (r > 0.5 and <0.7), very large (r > 0.7 and <0.9), and extremely large (r > 0.9) [57].
For pairwise comparisons, effect sizes were analyzed using Cohen’s “d” and interpreted as
small (d > 0.2 and <0.5), moderate (d > 0.5 and <0.8), and large (d > 0.8) [58].

3. Results

The participant characteristics are shown in Table 1. Participants had been resistance
training for 2.8 + 2.0 years, training 4 £+ 1 days per week with a session duration of
54 £ 17 min. Caffeine consumption was very heterogeneous (range: 0 to 1880 mg/week);
specifically, three participants consumed no caffeine during the week, and two consumed
relatively higher amounts (>1750 mg/week). No participant reported physical recovery
score (PRS) values lower than six on any day.

Table 1. Descriptive characteristics of the participants (n = 16).

Age (Years) BW (kg) Height(cm)  %BF * (%) CAF/w (mg/Week) 1RM (kg) 1RM/BW
Average 21.4 81.8 177.4 17.6 657.2 134.7 1.7
SD 2.9 11.1 6.2 4.0 617.2 24.1 0.3

Data are expressed as mean =+ standard deviation. Abbreviations: SD: Standard deviation; BW: Body weight;
%BF: Body fat percentage; CAF/w: Weekly caffeine consumption; 1RM: 1 repetition maximum. * n = 14.

3.1. Strength Assessments—Peak Torque

There was a significant main effect of caffeine usage on peak torque (PT) (p < 0.001)
and contraction speed (p < 0.001) but not caffeine expectancy (p = 0.805; Figure 2). There
was no interaction between caffeine usage and expectancy (p = 0.805). The only significant
interaction term was between caffeine intake and contraction speed (p = 0.031). Post hoc
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Figure 2. Box-plots of the peak torque (PT) achieved in the different experimental sessions across
different contraction speeds in young, trained males (1 = 16). Contraction speeds are 0°/s (A),
60°/s (B), 180° /s (C), 300 °/s (D). Triangles were used when participants were told they received
caffeine, and circles when told that they received a placebo. Participants are represented by dark grey
symbols when using caffeine, and clear symbols when using a placebo. Caffeine usage and contraction
speed each had a significant main effect (p < 0.001 for both; no symbols shown). }: significant
interaction between caffeine usage and contraction speed (p = 0.031). #: significantly greater PT when
using caffeine compared to a placebo, at each speed, as indicated by the symbol (p < 0.003). C/C: told
caffeine/used caffeine; P/C: told placebo/used caffeine; C/P: told caffeine/used placebo; P/P: told
placebo/used placebo.

3.2. Strength Assessments—Maximum Work

We observed significant main effects of caffeine and speed on maximum work (MW)
(Figure 3; p < 0.001 for both), but not of being informed of receiving caffeine (p = 0.925).
Unlike PT, no interactions were significant (p = 0.370-0.619), including caffeine intake and
speed (p = 0.246). When considering all speeds combined, caffeine’s effect size was small
(d = 0.2), which is somewhat consistent with the small effect sizes observed separately at
60°/s, 180° /s, and 300° /s—0.3, 0.2, and 0.1, respectively.
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Figure 3. Box-plots of the maximum work (MW) performed in the different experimental sessions
across different contraction speeds in young, trained males (1 = 16). Contraction speeds are 60° /s (A),
180°/s (B), 300° /s (C). Triangles were used when participants were told they received caffeine, and
circles when told that they received a placebo. Participants are represented by dark grey symbols
when using caffeine, and clear symbols when using a placebo. Caffeine usage and contraction speed
each had a significant main effect (p < 0.001 for both; no symbols shown). #. significantly greater MW
when using caffeine compared to a placebo, at each speed, as indicated by the symbol (p < 0.018).
C/C: told caffeine/used caffeine; P/C: told placebo/used caffeine; C/P: told caffeine/used placebo;
P/P: told placebo/used placebo.

3.3. Muscle Endurance (ME)

We did not observe a significant effect of caffeine intake on total repetitions (p = 0.420)
or total volume (p = 0.137, Figure 4). Caffeine’s expectancy also did not affect total repeti-
tions (p = 0.194) nor total volume (p = 0.100). No significant interactions were observed in
either analysis (p = 0.131 & p = 0.312). A summary of the study’s findings on PT, MW, and
ME is shown in Table 2.
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Figure 4. Box-plots of the muscle endurance test results (total number of repetitions, left panel, and
the total volume of each experimental session, right panel) under differing caffeine (caffeine (C) vs.
placebo (P)) and informed (C vs. P) conditions in young, trained males (1 = 16). Triangles were used
when participants were told they received caffeine, and circles when told that they received a placebo.
Participants are represented by dark grey symbols when using caffeine, and clear symbols when

using a placebo. No significant main effect or interaction, p > 0.100. C/C: told caffeine/used caffeine;
P/C: told placebo/used caffeine; C/P: told caffeine/used placebo; P/P: told placebo/used placebo.

Table 2. Summary of the main study outcomes (means + SD) and findings in a sample of young,
trained males (n = 16) under different caffeine use and informed conditions.

Outcomes

Condition C/C Condition C/P Condition P/C Condition P/P Summary of the Findings

Static PT (N-m)

327 + 55

313 + 58

323 + 53

310 + 54

1PT when using CAF (d = 0.3)

PT at 60° /s (N-m) 296 + 46 285 £ 43 296 £ 45 283 £ 46 TPT when using CAF (d = 0.3)
PT at 180°/s (N-m) 211 +33 204 £ 36 209 £+ 35 206 + 34 +PT when using CAF (d = 0.1)
PT at 300°/s (N-m) 177 £ 29 173 £ 28 178 + 30 174 £ 30 <PT when using CAF (d = 0.0)
MW at 60°/s (J) 305 + 50 292 + 49 301 £+ 47 293 + 52 T™MW when using CAF (d = 0.3)
MW at 180°/s (J) 232 £+ 38 220 £ 40 230 £ 37 242 4+ 39 TMW when using CAF (d = 0.2)
MW at 300°/s (J) 189 + 31 182 + 30 189 + 32 184 +33 T™MW when using CAF (d = 0.1)
Total reps. 37+£10 37+£8 37+£8 35+8 +reps when using CAF (d = 0.1)
Total vol. (reps-kg) 2998 + 881 3025 £ 847 2949 £+ 741 2836 £ 795 +total vol. when using CAF (d =0.1)

C/C: told caffeine/used caffeine; P/C: told placebo/used caffeine; C/P: told caffeine/used placebo; P/P: told
placebo/used placebo; PT: peak torque; 1: statistically significant increase (p < 0.05); CAF: caffeine; d = Cohen’s d
for using caffeine vs. placebo; «: lack of statistically significant difference between conditions (p > 0.05); MW:
maximum work; Reps: repetitions; Vol: volume.

3.4. Blood Lactate Findings

Resting lactate values were not different between sessions (p = 0.768). Our analy-
sis indicated a main effect of caffeine intake (p < 0.001), caffeine expectancy (p = 0.003),
and time (p < 0.001) without any significant interaction between factors (p = 0.240-0.973)
(Figure 5). Using caffeine resulted in a moderate increase in post-exercise blood lactate
level (1.2 mmol/L) compared to placebo (d = 0.7), and being told they were given caffeine
(caffeine expectancy) resulted in a small blood lactate increase of 0.8 mmol/L greater than
when being told they were given a placebo (d = 0.4). Regarding time’s effect, lactate values
were 1.0 mmol/L, moderately higher, at the sixth and fourth minute compared to the
second minute (p < 0.002; d = 0.6). However, there was no significant difference in lactate
values between the fourth and sixth minutes (p = 0.813; d = 0.0). We also analyzed the
effect of caffeine and its expectation at different time intervals. Following the main effects,
using caffeine instead of a placebo resulted in moderately higher blood lactate levels at
the 2nd minute (1.1 mmol/L, p = 0.018, d = 0.6) and significantly larger at the 6th minute
(1.4 mmol/L, p=0.003, d = 0.8). At the 4th minute, despite the moderate difference between
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using caffeine and a placebo, there was no statistical significance (1.0 mmol/L, p = 0.307,
d =0.5).

16

14- a

Lactate (mmol/L)

0+ T T
R 2 4 6

Time (min)

Figure 5. Blood lactate concentration at rest (R), 2nd, 4th, and 6th minutes after the muscle endurance
test under differing caffeine (C v. P) and informed (C v. P) conditions in young, trained males (1 = 16).
Data are means =+ SD. The # indicates a significant main effect of caffeine use on blood lactate values,
§ the significant effect of caffeine expectation, while the ¢ represents a significant time effect. No
significant interactions detected (p = 0.139-0.964). a: Blood lactate values while using caffeine were
significantly greater than when using a placebo at this time point.

To explore the relationship between lactate values and the work performed during the
sessions, we correlated lactate values with the number of repetitions and total training vol-
ume (Table 3). Significantly large correlations occurred only in sessions where participants
were informed they were receiving caffeine (C/C and C/P), with no significant correlations
in sessions where participants were told they were receiving a placebo (P/P), even when
caffeine was administered (P/C).

Table 3. Pearson correlation (r) between blood lactate values, total repetitions, and total volume lifted
after the muscle endurance test in young, trained males (n = 16) under different caffeine use and
informed conditions.

Session Variable Lac2 Lacd Lacé
R p R p R p
c/C Repetitions 055 0.03* 0.48 0.06 0.42 0.11
Total Volume 059  0.02* 053  0.04* 0.35 0.18
c/P Repetitions 052  0.04* 0.47 0.06 057  0.02*
Total Volume 057  0.02* 0.67 0.01* 0.63  0.01*
P/C Repetitions ~ —0.02  0.93 0.49 0.06 0.38 0.15
Total Volume  0.23 0.38 0.41 0.12 0.42 0.10
p/P Repetitions 0.19 0.48 0.19 0.49 0.29 0.28
Total Volume  0.33 0.22 0.36 0.17 0.19 0.49

Lac2: lactate in the 2nd minute; Lac4: lactate in the 4th minute; Lac6: lactate in the 6th minute of recovery;
*: significant correlation (p < 0.05).

3.5. Individual Caffeine Effect (EFF) on Muscle Strength and Endurance

To explore the variability in responses to caffeine supplementation, we calculated
caffeine effect (EFF) for each individual. Findings are presented first as a group, then as
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the whole sample, and finally only among the responders. We present data first for PT,
then for MW, and finally for ME. In line with the ANOVA findings, EFF was significantly
greater than zero when analyzing PT at static and 60°/s, only (p < 0.001 and p = 0.012,
respectively). The average relative EFF of caffeine on PT was 4.7 &= 5.5% (range: —3-16%),
4.2 + 3.1% (range: —1-12%), 2.5 £ 4.6% (range: —7-10%), and 2.3 £ 5.3% (range: —7-11%)
for static, 60°/s, 180°/s, 300° /s contraction speeds, respectively. Also, 69%, 88%, 69%,
and 50% of individuals were considered caffeine responders for static, 60°/s, 180° /s, and
300° /s contraction speeds, respectively. Among them, the average caffeine EFF seemed to
be superior to the sample average at 7.5 & 4.3% (range: 1-16%), 4.9 £ 2.7% (range: 2-12%),
5.0 &+ 2.9% (range: 2-10%), and 6.8 £ 2.7% (range: 3-11%) for static, 60° /s, 180° /s, 300° /s
contraction speeds, respectively.

Regarding MW, the calculated EFF for caffeine was significantly greater than zero for
the three speeds (p < 0.001—p = 0.015). For contraction speeds of 60° /s, 180° /s, and 300°/s,
we observed 81%, 81%, and 63% of the sample as caffeine responders. The average relative
EFF of caffeine on MW was 3.8 & 3.3% (range: —1-11%), 4.4 & 5.1% (range: —5-14%), and
3.2 £ 4.7% (range: —5-11%), for 60° /s, 180° /s, and 300° /s contraction speeds, respectively.
Among responders, the average caffeine EFF seemed to be superior to the sample average,
especially at faster speeds: 4.7 &= 3.0% (range: 1-11%), 6.0 & 4.1% (range: 1-14%), 6.2 & 2.7%
(range: 1-11%) for 60° /s, 180° /s, 300° /s contraction speeds, respectively.

We also explored this variability in the ME response to caffeine. In line with the
ANOVA findings, EFF on total repetitions was not significantly greater than zero (p = 0.367).
However, some individuals (56%) were classified as caffeine responders. The average EFF
in the entire sample was 2.3 £ 9.7% (range —12-14%). The average caffeine EFF seemed
considerably higher in responders, with an average of 9.1 & 3.3% (range 3-14%).

3.6. Individual Response to Caffeine Expectancy (EXP) on Muscle Strength and Endurance

To explore, if any, the variability in responses to caffeine expectancy, we analyzed its
influence (EXP) individually. Only the responders’ findings are shown since no group effect
was shown in the ANOVA. We present data first for PT, then for MW, and finally for ME.
The EXP of caffeine on peak torque did not present a significant effect when examining the
group as a whole (p = 0.527—p = 0.860). Still, some had a placebo effect and responded to
caffeine expectancy, equivalent to 63%, 63%, 56%, and 50% of the group during static, 60°/s,
180°/s, and 300° /s contraction speeds, respectively. Among them, the average caffeine EXP
was: 6.5 £ 2.5% (range: 2-13%), 4.9 &+ 2.6% (range: 1-9%), 3.3 £ 2.6% (range: 1-8%), and
4.2 4 3.2% (range: 1-11%) for static, 60°/s, 180° /s, 300° /s contraction speeds, respectively.
Only 19% of the sample were consistently considered responders to caffeine EXP in PT at
all speeds investigated.

Similar to PT, caffeine expectancy (EXP) on MW, on average, was statistically similar
to zero (p = 0.737-0.815) but was heterogeneous, with sample responder rates of 63%, 50%,
and 63% for contraction speeds of 60° /s, 180° /s, and 300° /s, respectively. Among them,
the average caffeine EXP was 4.9 &+ 2.4% (range: 1-9%), 4.0 & 2.7% (range: 1-7%), and
3.3 £+ 4.2% (range: 1-15%), for 60° /s, 180° /s, and 300° /s contraction speeds, respectively.
Only 38% of the sample were consistently considered responders to caffeine EXP in MW at
all speeds investigated.

Lastly, caffeine EXP did not influence total repetitions during the ME test (p = 0.292).
Again, there were also individuals who responded to caffeine expectancy (63%), with an
average relative change in performance due to caffeine EXP of 9.5 & 6.6% (range 2-21%). A
summary of findings discussed in Sections 3.5 and 3.6 is presented in Table 4.
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Table 4. Summary of the findings on individual variability in response to caffeine effect and caffeine
expectancy (calculations explained in the methods) for peak torque (PT), maximal work (MW), and
muscle endurance (ME).

Entire Sample (n = 16) Responders Only

Outcome Speed CAF EFF CAF EFF EFF # 0 Sample % CAF EFF CAF EFF
Mean + SD Range (p-Value) Mean + SD Range
PT (N-m) Static 4.7 £5.5% —3-16% <0.001 69 7.5 +4.3% 1-16%
PT (N-m) 60°/s 42 4+ 3.1% —1-12% 0.012 88 49 +2.7% 2-12%
PT (N-m) 180°/s 2.5+ 4.6% —7-10% 0.088 69 5.0 £29% 2-10%
PT (N-m) 300°/s 2.3 +5.3% —7-11% 0.097 50 6.8 £2.7% 3-11%
MW (J) 60°/s 3.8 £3.3% —1-11% <0.001 81 4.7 + 3.0% 1-16%
MW (J) 180°/s 44 +51% —5-14% 0.006 81 6.0 +4.1% 1-14%
MW (]) 300°/s 32+47% —5-11% 0.015 63 6.2 +2.7% 1-11%
ME (total reps) — 2.3 +9.7% —12-14% 0.367 56 9.1 £3.3% 3-14%

Outcome Speed CAF EXP CAFEXP EXP#0 Sample % CAF EXP CAF EXP
Mean £ SD Range (p-Value) Mean + SD Range
PT (N-m) Static — — — 63 6.5 £2.5% 2-13%
PT (N-m) 60°/s — — — 63 4.9 +2.6% 1-9%
PT (N-m) 180°/s — — — 56 3.3 +£2.6% 1-8%
PT (N-m) 300°/s — — — 50 42 4+ 3.2% 1-11%
MW (]) 60°/s _ — — 63 49 +2.4% 1-9%
MW (]) 180° /s — — — 50 4.0 +2.7% 1-7%
MW () 300°/s — — — 63 3.3 +4.2% 1-15%
ME (total reps) — — — — 63 9.5+ 6.6% 2-21%

Data are expressed as mean =+ standard deviation and range for relative percent change. Responders were defined
as >0% change. CAF: caffeine; EFF: caffeine usage effect; PT: peak torque; MW: maximal work; ME: muscle
endurance; EXP: caffeine expectancy effect.

3.7. Exploratory Analyses and Correlations of Caffeine’s Effect

We analyzed responder rates in different contraction speeds for PT and MW and
total repetitions for ME. We explored the consistency of responders in different tests and
the frequency of caffeine responders and placebo responders (caffeine expectancy). First,
for PT, only 38% of the sample consistently responded to caffeine across all four speeds
investigated, whereas for MW, 50% of the sample were caffeine responders across all
three speeds. To explore the relationship between caffeine’s effects on PT and MW, we
performed multiple correlations between these variables (Table 5). It is interesting to note
that, generally speaking, the correlations were stronger and more frequent between the
“slower” contractions (static and 60°/s), while the faster speeds (180 and 300°/s) were
mostly significantly correlated only with each other.

Table 5. Pearson correlation matrix (r) between caffeine’s effect (EFF) in strength (via peak torque
and maximum work) in young, trained males (n = 16). EFF was calculated as explained in Section 2.5.

Speed PT MW
(/s 0 60°/s  180°/s  300°/s  60°/s  180°/s  300°/s
0 1
60 0.60 * 1
PT 180 0.49 0.39 1
300 004 —005  0.39 1
60 058*  0.73* 026  —0.14 1
MW 180 0.57 * 034  0.85* 052* 048 1
300 0.19 023  0.67* 090*  0.08 0.74 * 1

PT: peak torque; MW: maximum work performed; *: statistically significant p < 0.05.
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Regarding caffeine responders in ME, only 13% of the sample were responders to ME
and PT (all speeds), while 31% were caffeine responders in both ME and the MW. Only 13%
of the sample were caffeine responders based on the calculated EFF on ME, PT, and MW at
all speeds investigated. The EFF of caffeine on ME was not correlated with its EFF on PT
and MW at any speed (r = —0.18-0.29; p = 0.27-0.95).

We also analyzed possible overlap between EFF and EXP in the various variables.
The rate of a participant being a responder to both caffeine EFF and EXP varied between
25-56% for PT, 44-50% for MW, and 31% for total repetitions. On PT, only one participant
(6%) was a consistent responder considering EFF and EXP on all speeds analyzed. On MW,
19% were consistent responders considering EFF and EXP on all speeds analyzed. Only
one participant (6%) was a consistent responder considering EFF and EXP on all variables
analyzed (PT in all speeds, MW in all speeds, and total repetitions).

Lastly, we explored potential relationships between EFF and other variables. We
performed multiple correlations, but the only significant correlation was a large negative
correlation (r = —0.59; p = 0.017) between caffeine’s effect on ME (total repetitions) and
relative maximum strength (1 RM/kg). All other correlations EFF on PT, EFF on ME, body
mass index, percentage body fat, 1RM, caffeine consumption, training history in years,
and minutes of resistance training session duration per week were moderate (negative
and positive) to small, with non-significant p-values (p = 0.099-0.997). The self-reported
incidence of caffeine side effects was low, precluding any statistical analysis. During the
P/P and P/C sessions, there were two reports of side effects on each day. However, this
was strikingly different when participants were informed that they had been given caffeine,
with a total of 9 and 8 reports of side effects for sessions C/C and C/P, respectively.

4. Discussion

This study compared the effect of caffeine supplementation (5 mg/kg of body mass) on
the maximum strength and muscular endurance of trained young men using a “balanced
placebo design”. A secondary aim was to explore the individual variability in the responses
to caffeine utilization and the placebo effect. Indeed, caffeine significantly increased
strength; however, caffeine did not increase muscle endurance and caffeine expectancy did
not affect both strength or muscle endurance. Surprisingly, blood lactate was affected by
both caffeine use and expectancy. We confirmed the hypothesis that we would observe a
significant variability in responses to caffeine and its expectancy. To our knowledge, this is
the first investigation to address the effect of caffeine on strength and muscle endurance
while exploring individual responses to caffeine and its expectancy (placebo effect) using a
balanced placebo design.

4.1. Muscle Strength

We observed a significantly small effect of caffeine on strength when assessed by PT
and MW (d = 0.2), which was approximately the same effect reported by various systematic
reviews, which describe a small, significant increase in strength: 0.2 [3,4,10]. Interestingly;
our data showed a significant interaction between the speed at which PT was investigated
and caffeine’s effect. Although this interaction was not observed for MW, the observed
effect size for MW appeared to be greater at 60° /s than at 180° /s and 300° /s, corroborating
findings in PT (0.3 vs. 0.2 and 0.1, respectively). Our results contrast with previous research,
which observed a significant effect of caffeine only at higher angular velocities [14,16].
However, our findings are supported by other studies, which have observed increases
in static contraction peak torque and at slower angular speeds [9,13,15]. Another study
using the same caffeine dose as ours did not observe a significant effect of caffeine on peak
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torque at 180°/s, a finding consistent with our results [18]. This highlights an important
methodological consideration in exploring the effects of caffeine on muscle strength.

From a physiological standpoint, caffeine is normally associated with adenosine
antagonism and increased nervous system activation, specifically: increased motor unit re-
cruitment, increased muscle activation, increased neural drive to the muscles, and increased
motoneuronal excitability [15,47,59,60]. However, recent work suggests that caffeine may
also improve muscle function by acting directly on this tissue [3,61]. Interestingly, not
only do several investigations in isolated muscle fibers from humans and animals report a
direct effect of caffeine on the muscle, but they also report a greater caffeine effect on type 1
muscle fibers [62]. We propose this as a possible explanation for why caffeine seemed to
have a different effect on muscle contractions performed at 180° /s and 300° /s and for the
heterogeneity of caffeine responses [62-64]. Although this relationship between fiber type,
contraction speed, and caffeine effect has not yet been directly investigated in humans, our
results seem to support this hypothesis. If the effect of caffeine is lower in fast-twitch muscle
fibers, caffeine would present a lower effect in activities that require greater participation
of this type of fiber, such as contractions at 300°/s. It is known that there is an association
between the predominance of fast muscle fibers and the torque or work produced at higher
angular velocity contractions using an isokinetic dynamometer [65-67].

Similarly, the percentage of type I fiber distribution has been correlated to the torque
produced at 60° /s [68]. The contribution of fast-twitch fibers to faster contraction speeds is
also evident in intervention studies, which report greater hypertrophy of fast-twitch type
fibers compared to slow-twitch fibers and an increase in the proportion of fast-twitch fibers
after isokinetic training at higher angular velocities [69,70]. However, it is possible that
caffeine improves physical function through more than one pathway, as we observed a sim-
ilar magnitude of improvement in caffeine responders when examining faster and slower
contraction velocities despite the seemingly lower frequency of responders at fast contrac-
tion speeds (averages of 7.5% and 4.9% for static and 60° /s, compared to 5.0% and 6.8% for
180°/s and 300° /s). Thus, alongside the genetic variation in caffeine metabolism [60,71],
type I muscle fibers, which show a greater ergogenic response [62], could be one of the
mechanisms that explain the large interindividual difference in caffeine response.

Based on our findings, we believe that the expectancy effect of caffeine on muscle
strength is usually negligible; however, the expectancy effect improved PT and MW in some
individuals to a similar magnitude as the average caffeine improvement. Interestingly, only
a few of them experienced an additive effect of expectancy and caffeine’s physiological
effects. This additive effect could help explain the discrepancy between caffeine’s small
improvements seen in tightly controlled investigations, which report small effect sizes, and
the perception of a small group of individuals who report caffeine as exerting significant
changes [6,37]. Unlike our study, this additive effect could pose an obstacle to determining
caffeine’s “true” effect in studies with very high dosages (>9 mg/kg of body weight),
where side effects would be very hard to mask caffeine usage.

Our results align with the most frequently observed findings in recent literature on the
effect of caffeine on muscle strength. Studies using knee extensors generally observe signifi-
cant effects of caffeine on strength [15-17,47]. Additionally, MW has recently been proposed
as a more representative measure of muscle function than PT, as it represents the force ex-
erted throughout the entire range of motion (Work = Force x Displacement) [72,73]. There
is currently a lack of studies reporting data regarding caffeine and maximal isokinetic work.

To the best of our knowledge, there is only one other study that has investigated the
effect of caffeine expectancy using a balanced placebo design and the same caffeine dosage.
Similar to our findings, they observed a significant caffeine effect on PT, with CC and PC
trials being greater than the PP trial, and caffeine expectancy did not impact strength [48]. In
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contrast to our findings, they did not observe any significant interaction between speeds (30
and 120°/s). This is likely due to the fact that in our study, four different contraction speeds
were tested, rather than only two, thereby facilitating a more comprehensive comparison
between “slower” and “faster” speeds. Unfortunately, no data on individual responses or
lactate levels are reported, preventing us from performing a direct comparison with our
own findings.

4.2. Muscle Endurance

Caffeine may enhance muscle endurance by increasing Na+/K+ ATPase activity
(attenuates interstitial K+ accumulation), increasing calcium mobilization from the sar-
coplasmic reticulum (higher release and/or lower reuptake) during contraction, and/or
decreasing pain perception [1,43,60]. However, in the present study, we did not observe a
significant effect of caffeine on muscle endurance, contradicting the findings of previous
meta-analyses [3,12].

We were not alone in not observing a caffeine-based increase in muscular en-
durance [20,52,74]. However, there is no clear, significant methodological difference be-
tween studies that reported significant differences and those that did not, which helps
explain the discrepancy in findings. Regarding methodological aspects that could affect
ME, a meta-analysis examining muscle endurance during isotonic exercise reported that
supplement timing was the only significant moderator of caffeine’s effect, with benefits
observed only when caffeine was ingested 60 min before exercise; muscle group, dose, and
form of ingestion were not significant moderators [12]. A separate meta-analysis similarly
found no moderating effects of training experience, caffeine form, contraction type, or
muscle group size/location, and reported that the only significant moderator was test type,
with improvements observed only in open-endpoint protocols [3]. Dosages (5-6 mg/kg),
population (trained individuals and athletes), and exercises performed (leg press and bench
press) in the aforementioned studies [20,52,74] were similar to those in studies reporting
performance-enhancing benefits of caffeine [2,21,54,75], yet the results differed.

Even within studies that observed positive effects of caffeine, inconsistencies exist.
For example, Woolf et al. [20] reported that caffeine significantly increased total session
volume (sets x repetitions x load) only during the bench press, not during the leg press.
In alignment with the previously mentioned meta-analysis [12], muscle group does not
seem to be a plausible explanation, as in direct opposition to the previous study, Green
et al. [54] observed an increase in ME by caffeine only during the third leg press exercise set,
with no improvement in any of the bench press sets. Contrary to the previous study, other
investigations have observed a significant increase in the total number of repetitions when
caffeine is used only in the first set of knee extension and squat exercises [2,21]—without
any effect on the “biceps curl” exercise (elbow flexion) or on the bench press. Lastly, despite
Astorino et al. [75] comparing four different exercises performed in this exact order—bench
press, leg press, lat pull, and shoulder press—caffeine had an effect only on the leg press,
significantly increasing the number of repetitions in the first and second sets out of four, but
without a significant effect on total volume (reps x load). This begs the question as to what
could be the potential explanation for the divergences in the results. This methodological
and findings conundrum has not allowed for a precise mechanistic investigation, with the
two main hypotheses on the variability of individual responses lying on the shoulders of
the individual caffeine metabolic capacity (detailed in Section 4.4 of the discussion) and the
inclusion of heavy caffeine users who suffer from withdrawal symptoms during placebo
trials [1,23,75].

Our hypothesis is that previous studies [20,52,74] obtained results similar to ours,
with samples containing a mix of responders and non-responders, the latter showing
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worse performance in the caffeine trials, resulting in zero net improvement. We had
a responder rate (caffeine’s effect > 0) of 56% with an average caffeine effect on total
repetitions of 9.1 &+ 3.3% (range 3-14%). Few studies report the variability of responses
and/or responder rates to caffeine supplementation, although it has been known for some
time that caffeine’s effect on muscle endurance is heterogeneous [76]. There are cases
in which 47% of participants improved their performance [21], 59% [74], 67% [20], and
72% [75]. It is intriguing to consider the actual performance of the remaining sample, that
is, whether their performance did not improve or if it deteriorated.

Few studies have reported whether there was a worsening of performance with the
use of caffeine and the number of cases, as the focus is usually on performance benefits.
Hudson et al. [21] reported that half of the sample exhibited no improvement, and 13%
experienced a decline in their performance, which, in their study, was defined as performing
five more repetitions in the placebo session than in the caffeine session. Our findings, along
with those of other studies reporting no average caffeine improvement in performance,
may indicate that the presence of not only non-responders but also individuals whose
performance worsens with caffeine. Thus, the balance between the number of individuals
with both positive and negative responses to caffeine will determine if the overall effect in
the sample is null.

4.3. Blood Lactate

Studies investigating caffeine’s effect on anaerobic performance and metabolism
should be cautious when analyzing lactate data. Our analysis indicated that despite the
lack of a significant increase in the average muscle endurance, caffeine had a moderate
effect on lactate levels, particularly at the 6th minute after exercise (Figure 5). Additionally,
caffeine expectancy had a small but significant effect on lactate levels. Thus, investigations
attempting to tie increased high-intensity “anaerobic” exercise performance due to caffeine
supplementation with lactate levels should be skeptical of a relationship between them,
despite past attempts to do so [43]. For example, we observed significant correlations
between lactate levels and repetitions or total volume only in sessions where the participant
was informed that he was receiving caffeine (C/C and C/P) and not when they received
caffeine without knowing it (P/C). Thus, although caffeine may increase “anaerobic perfor-
mance” [4], it is unlikely that the main mechanism is increased muscle glycolytic flux, as
proposed previously [43].

Regarding the mechanisms behind the increased lactate levels due to caffeine ex-
pectancy, the probable physiological pathway is related to anticipatory mechanisms of
the central nervous system (CNS), resulting in increased sympathetic activity [77]. This
interaction triggers a rise in catecholamine release, causes vasoconstriction and hypoper-
fusion, and boosts muscle tone and micro-contractions, which may explain the observed
results [78,79]. For example, an investigation on lactate accumulation and psychosocial
stress (simulated job interview followed by arithmetic operations) found a significant
increase in blood lactate during stress compared to a non-stress control situation [80]. Thus,
it is possible that caffeine expectancy generated an increase in sympathetic activity, which
resulted in increased lactate production by non-exercising tissue, in accordance with pre-
vious research, where, despite an increase in arterial glucose and lactate, caffeine did not
increase leg lactate release, muscle glycogenolysis, or muscle lactate concentrations [81].
Further mechanistic studies are necessary to better delineate the potential mechanisms and
confirm this hypothesis.
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4.4. Individual Variability

Currently, considerable scientific effort has been made toward investigating individual
variability in caffeine response by assessing genetic differences associated with caffeine
metabolism [23]. Despite a promising study comparing CYP1A2 polymorphisms and
caffeine’s effect on endurance performance, these findings have not been successfully
replicated, and research outside of endurance performance is lacking. Additionally, geno-
type variation related to the Adenosine A2A receptor expression (ADORA2A) has been
shown to be associated with responses to caffeine in non-exercise scenarios, such as sleep
disturbances and postprandial glycaemia [24]. Adenosine A2A receptor density could help
explain the differences in response to caffeine between trained and untrained individuals,
as endurance-trained athletes present a greater density of these receptors [42,82]. Unfortu-
nately, research investigating these genetic variations in relation to strength and muscle
endurance is sparse and yields conflicting results [83].

Other variables commonly proposed to interfere with caffeine response include ha-
bitual caffeine intake, body composition, and training status [60,71]. In our study, none
of these variables were correlated with the effect on PT, MW, or repetitions, except for
a large negative correlation between caffeine’s effect on the total number of repetitions
and 1RM/BW. The 1IRM/BW ratio has been proposed as a complementary measure to
assess training status, rather than relying solely on current uninterrupted training time.
Authors have used ratios between 1.3 and 1.5 to classify individuals as advanced lifters [84].
Following our correlational finding, we observed that all individuals with a 1IRM/BW >1.8
exhibited a performance decrement using caffeine (EFF < 0), while all individuals with a
1RM/BW <1.5 were responders (EFF > 0). While it is unlikely that being highly trained
negates caffeine’s effect, such findings underscore the need for further research not only
on genetic predisposition but also on basic characteristics whose association with caffeine
response remains equivocal.

Interestingly, in our study, only very few individuals were caffeine “responders” in
both strength and muscle endurance testing. We hypothesize that the heterogeneous re-
sponse to caffeine supplementation on muscle strength and endurance could be explained
by its multiple sites of action. For example, one could respond to caffeine by showcasing
increased torque production and muscle work due to increased muscle activation and other
nervous system-related mechanisms, while not enhancing muscle endurance because of a
lack of increase in sarcoplasmic calcium mobilization and Na+/K+ ATPase activity (periph-
eral mechanisms). Thus, we hypothesize that being a caffeine responder could be a result
of a complex balance between the speed of caffeine metabolization, adenosine receptor
density, training status, and caffeine habituation. New studies should also investigate the
association between muscle fiber typing and caffeine response, as a significant gap exists
between in vivo data on this topic and the substantial body of research on isolated muscle
fibers that supports the hypothesis of a fiber-type-dependent caffeine response.

Thus, balancing all of the above with the correct caffeine dosage and timing could help
us understand how to optimize caffeine usage to increase muscle strength and endurance,
as some individuals have exhibited significant improvements. In contrast, others have
shown small improvements or even performance decrements. Additionally, in most cases in
our study, there was no overlap between the placebo effect and caffeine response; therefore,
it is unknown whether, in a real-world scenario, it would be possible to combine both for
optimal use of this substance as a performance-enhancing supplement.

4.5. Limitations

The isokinetic dynamometer is a gold-standard, reliable measure of strength. However,
it is unknown how much the small effect size observed translates to complex exercise and
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sports tasks. Contrary to the strength assessment, the muscle endurance test is closer to
a “real-world” task, resembling closely what may happen in a resistance training session
(external validity). However, the lack of reliability data on this type of testing limits our
analysis. It is unknown what percentage of improvement or worsening of performance
exceeds the test’s natural variability and is clinically meaningful.

In assessing the individual effects of caffeine, it is noteworthy that the variability
in response to caffeine surpassed our expectations. Furthermore, our study is among
the few reports of a performance decline associated with caffeine supplementation. This
unforeseen result, coupled with the sample size, may have hindered our analyses between
responders and non-responders, despite our study exceeding the targeted sample size
for the primary analysis. Also, we did not restrict caffeine consumption (e.g., coffee,
energy drinks, chocolate) and used a caffeine supplementation approach in which habitual
dietary habits were maintained, and caffeine supplementation exceeded habitual intake.
Thus, our findings might have differed if participants had been instructed to restrict
caffeine consumption.

Participants were trained young resistance-trained men; therefore, we are unable to
extrapolate our results to women, older men, or untrained men. Similarly, our findings
cannot be extrapolated to all muscle groups or exercises, as strength parameters were
assessed only in the knee extensor muscles, and endurance was assessed using squats.
Lastly, while participants had >2 days between experimental sessions, with an average of
5 days, there was some variability in time between sessions, and we cannot exclude the
possibility that modest differences in time between sessions could alter the present findings.

Our study employed a non-random convenience sampling method, which may in-
troduce bias into our findings, particularly regarding past experiences and expectations
with caffeine supplementation. This sampling approach and our recruitment strategy are
known to be associated with self-selection bias and motivation bias; for example, we may
have oversampled individuals who had positive experiences with this supplement, who
are highly motivated to exercise, and involuntarily did not include in the research those
who had neutral or negative experiences with caffeine. Additionally, our findings are
influenced by the healthy volunteer effect; for instance, caffeine’s adverse effects are likely
underestimated because potential participants are less inclined to enroll if they anticipate
negative reactions during the supplementation protocol.

4.6. Future Research Directions

Considering our findings, future studies should investigate whether the predominance
of a particular muscle fiber type may be one of the factors explaining the heterogeneity of
caffeine responses. Thus, new studies investigating variability (e.g., fiber type dependence
or responders/non-responders) and mechanisms should plan for larger studies and, when-
ever possible, include a test-reliability measure within the study to distinguish small effects
from test variability.

5. Conclusions

This study is the first to investigate the effects of caffeine supplementation and ex-
pectancy on muscle strength and endurance in young resistance-trained men, using a
double-blind, balanced placebo design. Caffeine supplementation showed a significant
effect on muscle strength that superseded the placebo effect, which was negligible. This
is an encouraging finding, as if the placebo effect were significant, it would be highly
recommended that future research involving caffeine employ a balanced placebo design
rather than the conventional double-blind design.
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For muscle endurance, on the other hand, neither caffeine nor its expectancy increased
muscle endurance, even though blood lactate levels rose due to both caffeine intake and
expectancy. These findings suggest that caffeine does not affect muscle anaerobic glycolysis,
as the significant increase in blood lactate was not accompanied by an increase in work
performed during the test. Interestingly, approximately half of the participants improved
their muscle endurance, while the rest worsened their performance. Thus, although caf-
feine’s main site of action is the nervous system, we hypothesize that other physiological
mechanisms may operate in parallel, leading to significant inter-individual variability in
the muscle endurance response, as evidenced by inconsistent responses to the strength
and ME tests. In other words, because caffeine responders in the ME test were not con-
sistently responders in the strength tests, we hypothesize that variability in responses is
not solely attributable to central mechanisms of caffeine ergogenicity. In our study, these
heterogeneous responses in ME were not correlated with habitual caffeine intake, body
composition, or increased muscle strength from caffeine supplementation. Further research
is necessary to elucidate possible mechanisms, especially the hypothetical role of fiber-type
predominance and its influence on the variability of the caffeine response.

Lastly, as a practical application of our findings for athletes and coaches, we highlight
that caffeine supplementation of 5 mg/kg increased muscle strength. They should also
be aware that most of the time, improvements are modest. Coaches and athletes plan-
ning to use caffeine to enhance lower-body muscle endurance should carefully tailor the
supplementation protocol, as our study observed that caffeine increased performance in
some individuals but decreased it in others. Our findings are limited to the characteristics
of our study sample and cannot necessarily be extrapolated to women, older men, and
non-resistance-trained individuals.
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