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Abstract
This study aimed to investigate the effects of caffeine ingestion on anaerobic performance and muscle activity 
in young athletes. In this randomized, double-blind, and placebo-controlled study, ten highly trained male 
post-puberal futsal players aged 15.9 ± 1.2 years conducted two laboratory sessions. Athletes performed the 
Wingate test 60 min after ingestion of caffeine (CAF, 6 mg/kg body mass) or placebo (PL, dextrose) (blinded 
administration). Peak power, mean power, and the fatigue index were assessed. During the performance of the 
Wingate test, electromyographic (EMG) data were recorded from selected lower limbs muscles to determine 
the root mean square (RMS), mean power frequency (MPF), and median power frequency (MDPF) as frequency 
domain parameters and wavelet (WT) as time-frequency domain parameters. Caffeine ingestion increased peak 
(0.80 ± 0.29 W/Kg; p = 0.01; d = 0.42) and mean power (0.39 ± 0.02 W/Kg; p = 0.01; d = 0.26) but did not significantly 
affect the fatigue index (52.51 ± 9.48%, PL: 49.27 ± 10.39%; p = 0.34). EMG data showed that the MPF and MDPF 
parameters decreased and the WT increased, but caffeine did not have a significant effect on these changes 
(p > 0.05). Moreover, caffeine ingestion did not significantly affect RMS changes in the selected muscles (p > 0.05). 
Here we showed that acute caffeine ingestion improved anaerobic performance without affecting EMG parameters 
in young male futsal athletes.
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Introduction
Caffeine (1,3,7-trimethylxanthine) is a popular ergogenic 
aid that athletes use widely at all levels to improve sports 
performance [1, 2]. To date, much research has been 
done on the effectiveness of caffeine in sport and exercise 
performance [2–5]. Several studies have suggested that 
caffeine ingestion effectively improves aerobic endurance 
[3–5] and, to a lesser extent, short-term high-intensity 
anaerobic exercise performance [5, 6]. However, many 
factors can influence the ergogenic effects of caffeine use 
in sport and exercise performance, such as sex, time of 
day, genotype, habitual use, and training status [2]. Pre-
vious research shows some ambiguities regarding the 
physiological mechanisms underlying caffeine’s ergogenic 
effects [3, 5, 7]. Hardly anything is known on the neuro-
muscular effects of caffeine ingestion [7] following high-
intensity, short-duration anaerobic exercise [5, 8–10].

Previous research suggests that caffeine affects the cen-
tral nervous system (CNS) through the antagonism of 
adenosine receptors, leading to increased neurotransmit-
ter release, motor unit firing rates, and pain suppression 
[4]. Davis et al. [11] suggested that caffeine can signifi-
cantly delay fatigue through CNS mechanisms by block-
ing adenosine receptors. Among the cellular effects of 
caffeine, it has been observed that caffeine increases the 
availability of myofibrillar calcium, which facilitates force 
production by each motor unit [4]. Furthermore, fatigue, 
caused by the gradual reduction in calcium ion release, 
can be attenuated after caffeine ingestion [4]. Although 
the efficacy of caffeine on adenosine receptors and myo-
fibrillar calcium ion mobilization is well-documented 
[4, 11], its effect on neuromuscular function and fatigue 
during short-term performance of anaerobic exercises 
cannot be observed, or recorded. Some studies have 
investigated the effect of caffeine ingestion on electro-
myographic (EMG) signal variables and neuromuscular 
fatigue during anaerobic exercise [8–10]. This research 
shows that caffeine does not affect EMG frequency 
parameters and fatigue. For example, Greer, Morales, 
and Coles [8] concluded that caffeine ingestion does not 
affect surface EMG frequency variables during a 30-sec-
ond high-intensity Wingate test. Furthermore, Pereira 
et al. [9] reported that caffeine does not significantly 
change the fatigue index during the Wingate test. These 
latter investigators did not observe significant differ-
ences between males and females with regards to the rate 
of muscle fatigue. Juan et al. [10] additionally reported 
that caffeine supplementation significantly improved 
anaerobic performance without affecting EMG activity 
and fatigue levels. Therefore, there is some uncertainty 
about the physiological mechanism of caffeine ingestion 
on neuromuscular function during intense anaerobic 
power activities, such as the Wingate test performance. 
Furthermore, there is a literature gap on how caffeine 

consumption improves anaerobic performance [6, 10] 
without affecting fatigue indices [8–10].

Surface EMG frequency analysis is a standardized 
method to evaluate muscular fatigue during physi-
cal sport activities [12, 13]. Research shows that time-
frequency analysis methods have higher accuracy rates 
versus time-dependent and frequency-dependent meth-
ods to detect muscular fatigue [14], especially during 
dynamic activities [15]. Among the studies mentioned 
above, only Pereira et al. [9] used the Fast Fourier Trans-
form (FFT) parameter as a method for time-frequency 
analysis to investigate the effect of caffeine on neuro-
muscular fatigue during anaerobic exercise. Their results 
showed that caffeine consumption did not have a sig-
nificant effect on muscle fatigue [9]. According to Vitro-
Costa et al. [15], the wavelet transform (WT) is more 
efficient than the FFT during dynamic contractions [15]. 
They concluded that the WT is likely to be more ade-
quate for dynamic tasks, as it requires no signal to be 
quasi-stationary, unlike the limitation imposed upon the 
use of the FFT [15].

In light of the prior discussion, this study aimed to 
investigate the effects of caffeine ingestion versus pla-
cebo on anaerobic performance and EMG frequency 
parameters during the Wingate anaerobic power test in 
young male futsal athletes. We hypothesized that the WT 
method might be more sensitive than the FFT method 
when examining the effects of caffeine on anaerobic per-
formance and neuromuscular fatigue [15].

Materials and methods
Ten youth male and highly trained futsal athletes aged 
15.9 ± 1.2 years (body mass: 62.9 ± 8.8  kg, and body 
height: 169.8 ± 9.5 cm) volunteered to participate in this 
study and signed a written informed consent after infor-
mation on benefits and risks of study participation were 
provided. Informed consent was obtained from all par-
ticipants and their parent and/or legal guardian. The local 
ethical research committee approved this study (R.SSRI.
REC.1400.1184).

A minimal sample size was calculated using an a priori 
statistical power tool (G∗Power, Version 3.1, University 
of Dusseldorf, Germany). The a priori power analysis was 
computed for our primary outcome (i.e., mean power 
[W]) with the following input parameters: assumed 
power of 0.80, alpha level of 0.05, medium effect size 
Cohen’s f = 0.52 [16]. The results of the power analysis 
indicate that 10 participants would be required to achieve 
significant group-by-time interactions.

To be eligible to participate in this study, individuals 
had to be (i) normal weighted as indicated by the body 
mass index (18–23  kg/m2), (ii) free of lower extrem-
ity injuries, and (iii) free of neuromuscular, cardiovas-
cular, or mental illnesses [9, 10, 17]. Participants were 
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diagnosed as post-pubertal by a physician using the Tan-
ner and Whitehouse method and the stages of pubic hair 
development [18]. Habitual CAF consumption was deter-
mined by a questionnaire [19]. None of the participants 
consumed caffeine habitually. Daily caffeine consumption 
was less than 70  mg. Participants were excluded from 
the analysis if they did not have natural patterns of sleep 
(8-h/day on average), felt tired on the test day, and did 
not follow the dietary instructions 24  h before the test 
[17]. The standardized diet protocol did participants not 
allow to consume caffeinated beverages and foods such 
as coffee, cocoa, and dark chocolate [8]. In a randomized, 
double-blind, placebo-controlled study design, partici-
pants were scheduled to come in for two testing sessions, 
separated by 72  h [9]. Participants were instructed to 
ingest either caffeine (CAF, 6 mg/kg body mass) or pla-
cebo (PL, dextrose) supplements, which were concealed 
in opaque, unmarked containers. A trained laboratory 
expert provided the supplements to the athletes one hour 
before undergoing the Wingate test [8, 9].

The Wingate test was performed on a bicycle ergom-
eter (Ergomedic 894E, Monark, Sweden). Participants 
were familiarized with the Wingate test procedures in a 
separate session prior to the actual test session. Before 
performing the Wingate test, participants warmed up 
for four minutes on a cycling ergometer at low intensity 
and 70–80 revolutions per minute (RPM), followed by 
dynamic stretching. After a three-minute rest period, the 
participant’s resistance on the ergometer was set at 7.5% 
of the body mass of the respective participant [9, 10]. 
Athletes were allowed to pedal for a few seconds until 
their pedaling speed reached 120 RPM, then the resis-
tance was applied. Participants were verbally encour-
aged to pedal at maximum speed for 30  s. Peak power 
and mean power were the recorded anaerobic perfor-
mance variables. The anaerobic performance variables 
and the fatigue index were calculated using Wingate soft-
ware (Monark anaerobic test software, Sweden, 3.7.16) 
recorded during the 30 s Wingate test.

The Noraxon DTS wireless electromyography sys-
tem (Noraxon DTS. USA) was used to detect myo-
electric activity from the selected muscles during the 
Wingate test. To detect signals, a pair of Ag/AgCl elec-
trodes (Model SKINTACT, Austria) with a diameter of 
12 mm in dipole array was placed in the muscular belly of 
the selected muscles, including m. vastus medialis (VM), 
vastus lateralis (VL), rectus femoris (RF), gastrocnemius 
lateral head (GS) and biceps femoris (BF) of the domi-
nant leg according to the European concerted action 
surface EMG for Non-Invasive Assessment of Muscles 
(SENIAM) [20]. The dominant leg was defined using the 
ball-kick test [21] the day before the first Wingate trial 
was performed. In the ball-kick test, players were kindly 
asked to kick a ball with moderate intensity and maximal 

accuracy through a set of cones placed 1  m apart and 
10 m from the subject. The leg used to kick the ball was 
identified as the dominant leg [21]. Before surface elec-
trode placement, the skin was shaved and cleaned with a 
pad soaked in 70% alcohol (Ethanol-C2H5OH) to reduce 
skin impedance. The signals were recorded at a sampling 
frequency of 1500 Hz, a gain of 500, CMR > 100 db, and 
a 10–500 Hz bandwidth filter to reduce electrical inter-
ference from external sources [22]. The EMG signal was 
processed with Noraxon software (version MR3 3.14.16). 
The EMG data detected during the 30-second Wing-
ate test were divided into six 5-second epochs. The six 
epochs included data collected on the Wingate test at 
0–5, 6–10, 11–15, 16–20, 21–25 and 26–30 s [9, 10, 23]. 
Normalized root mean square (RMS) was used to report 
the values of the EMG signal amplitude. The RMS data 
were normalized by the RMS values obtained during 
each muscle’s maximum voluntary isometric contraction 
(MVIC) [20]. Subjects performed two maximum volun-
tary isometric contractions for each muscle according to 
SENIAM recommendations (www.seniam.org) for five 
seconds with a one-minute break. An average of three 
seconds in the middle of the MVICs was used for nor-
malization purposes [24].

The mean power frequency (MPF), the median power 
frequency (MDPF) and the WT were selected for fre-
quency analysis. MPF and MDPF were calculated from 
the Eqs. 1 and 2.

 
MPF =

∫ f1
f0
f.PS (f)

∫ f1
f0
PS (f)

 (1)

where PS (f ) is the EMG power spectrum and f0 and 
f1 stand for the surface electromyography bandwidth 
(f0 = lowest frequency and f1 = highest frequency of the 
bandwidth).

 
MDPF =

∫ fmedian

f0

PS (f) df =

∫ f1

fmedian

PS (f) df (2)

where PS(f ) is the EMG power spectrum and f0 and 
f1 stand for the surface electromyography bandwidth 
(f0 = lowest frequency and f1 = highest frequency of the 
bandwidth).

To calculate WT, we calculated one-dimensional wave-
let decomposition with the type of Db4 mother wavelet 
of each window 5 s preprocessed signal with a sampling 
frequency = 1500 samples

s ) and all the wavelet coefficients 
(approximate and detail coefficients) were extracted [15, 
25, 26]. Thereafter, we reported the detailed coefficient of 
wavelet decomposition. The spectrum of the raw signal 
in each 5-second epoch of the 30-seconds Wingate test 
was normalized using related parameters, such as MPF, 

http://www.seniam.org
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MDPF, and WT in the first epoch [9]. The calculations 
were performed using MATLAB software (2018a, The 
Mathworks Inc., Natick, MA, USA).

As noted, this study was conducted in a double-
blinded, placebo-controlled, crossover design. Nor-
mal distribution of data was examined and confirmed 
using the Shapiro-Wilk test. The paired t-test was used 
to investigate the effects of caffeine ingestion on peak 
power, mean power, and the fatigue index. Furthermore, 
Cohen’s d effect sizes were used to highlight important 
pairwise differences, with values of 0.2, 0.5, and 0.8 cor-
responding to small, medium, and large effects, respec-
tively [27]. The effect of caffeine on the parameters of the 
EMG signal was examined using a two-way (treatment 
[caffeine and placebo] × time [6-time epochs]) analysis 
of variance (ANOVA) with repeated measures. In case of 
significant treatment-by-time interaction effects, Bonfer-
roni corrected post-hoc tests were computed. Statistical 
significance was accepted at p < 0.05. Statistical analysis 
was performed using SPSS software (version 25, IBM 
Corporation, Armonk, NY, USA).

Results
Table  1 represents the values of the Wingate perfor-
mance variables for both CAF and PL conditions. Caf-
feine but not placebo increased the peak power (t= -3.22; 
p = 0.01; d = 0.42) and the mean power (t= -2.295; p = 0.01; 
d = 0.26), and this increase was statistically significant. 
No statistically significant differences (t= -1.005; p = 0.34; 
d = 0.32) were observed with regards to the fatigue index 
under CAF and PL conditions.

The mean and standard deviations of the normalized 
root mean square (%) for RF, VL, VM, BF, and GS during 
six Wingate test splits were analyzed for CAF and PL con-
ditions and are illustrated below (Fig.  1). No significant 
differences were found for RMS of all muscles between 
CAF and PL. In both conditions, the RMS increased sig-
nificantly over time in VL (F = 10.83; p = 0.01; d = 0.91) and 
VM (F = 7.07; p = 0.03; d = 0.88) muscles. RMS decreased 
significantly over time in GS (F = 7.69; p = 0.03; d = 0.91) 
under both conditions.

The mean and standard deviations of the normal-
ized mean power frequency of RF, VL, VM, BF, and GS 
during six Wingate splits in CAF and PL conditions are 
illustrated in Fig. 2. There were no significant differences 
in MPF between CAF and PL conditions in all muscles 
studied. In both conditions, MPF decreased significantly 
over time in all selected muscles (RF: F = 8.78; p = 0.001; 
d = 0.76, VL: F = 46.45; p = 0.001; d = 0.94, VM: F = 23.05; 
p = 0.001; d = 0.89, GS: F = 14.35; p = 0.001; d = 0.85), except 
for BF.

The mean and standard deviations of the normalized 
median power frequency of RF, VL, VM, BF and GS dur-
ing six Wingate splits according to CAF and PL condi-
tions are illustrated in Fig.  3. There were no significant 

Table 1 Mean values ± standard deviations for peak power, 
mean power, and the fatigue index in the CAF and PL conditions

Peak power (W/
Kg)

Mean power (W/
Kg)

Fatigue index 
(%)

CAF 9.90 ± 2.04* 7.57 ± 1.38* 52.51 ± 9.48

PL 9.10 ± 1.75 7.18 ± 1.4 49.27 ± 10.39
CAF, caffeine; PL, placebo.
* Indicates significant differences between conditions (p < 0.05).

Fig. 1 Mean and standard deviations for the normalized root mean square (%) of RF, VL, VM, BF and GS during six Wingate splits for all participants ac-
cording to test condition (CAF and PL). RF, rectus femoris; VL, vastus lateralis; VM, vastus medialis; BF, biceps femoris; GS, Gastrocnemius; CAF, caffeine; PL, 
placebo; s, second. * Indicates significant differences over time (p < 0.05).
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differences in MDPF between CAF and PL conditions in 
all muscles studied. In both conditions, MDPF decreased 
significantly over time in the VL, VM and GS muscles 
(VL: F = 32.64; p = 0.001; d = 0.92, VM: F = 14.13; p = 0.001; 
d = 0.83, GS: F = 13.33; p = 0.001; d = 0.84), but these 
changes were not significant in the BF and RF muscles.

The mean and standard deviations of the normal-
ized Wavelet transform during six Wingate splits of five 
selected muscles under the CAF and PL conditions are 
illustrated in Fig.  4. In both conditions, WT increased 
significantly (p < 0.05) over time in all selected muscles 
(VL: F = 11.11; p = 0.001; d = 0.80, VM: F = 6.97; p = 0.001; 
d = 0.71, GS: F = 11.39; p = 0.001; d = 0.80), except for 
RF and BF. WT frequency measures did not differ 

significantly (p > 0.05) for any muscles evaluated between 
the CAF and PL conditions.

Discussion
The results of this study indicate that caffeine consump-
tion increases peak power and mean power in highly 
trained post-pubertal futsal players during the Wingate 
test but has no effect on the fatigue index. EMG signal 
analysis showed that the MDF and MDPF frequency 
domain parameters decreased, while the WT time-fre-
quency domain parameter increased. However, caffeine 
did not have a significant effect on these changes. The 
value of RMS in the RF and BF muscles did not change 
during the Wingate test. However, RMS increased in the 

Fig. 3 Mean and standard deviations of the normalized median power frequency of the RF, VL, VM, BF, and GS during six Wingate splits for all participants 
in the CAF and PL conditions. RF, rectus femoris; VL, vastus lateralis; VM, vastus medialis; BF, biceps femoris; GS, Gastrocnemius; CAF, caffeine; PL, placebo; 
s, second

 

Fig. 2 Mean and standard deviations of the normalized mean power frequency during six Wingate splits for all participants according to the test condi-
tion (CAF and PL). RF, rectus femoris; VL, vastus lateralis; VM, vastus medialis; BF, biceps femoris; GS, Gastrocnemius; CAF, caffeine; PL, placebo; s, second
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VL and VM muscles while GS muscle activity decreased 
during the 30-second Wingate test. Caffeine ingestion 
did not have a significant effect on changes in RMS of the 
selected muscles.

Regarding the effects of caffeine ingestion on anaero-
bic performance measures, our results are consistent 
with those of San Juan et al. (2019), who examined pro-
fessional athletes [10] but contrary to Greer et al. [8] and 
Pereira et al. [9]. They investigated recreationally active 
individuals [8, 9]. Surveys show that the ergogenic effects 
of caffeine on exercise performance appear to be affected 
by the training status of individuals [2]. Although the 
physiological reasons for this are unclear, Mizuno et al. 
[28] reported that the densities of adenosine A2A recep-
tor numbers are higher in trained individuals than in 
untrained individuals [28]. Caffeine competes with ade-
nosine receptors in the CNS, heart, and skeletal muscle 
[4, 28]. These receptors include A2A, A2B, A3, and A1. 
Studies show that caffeine is more effective in A1 and 
A2A [4]. Adenosine A2A receptors in skeletal muscle help 
regulate glucose uptake and contractile force [28]. Due 
to the higher density of A2A in the muscles of trained 
individuals, the binding of caffeine to these receptors 
and subsequent improvements in exercise performance 
is likely increased in trained individuals [28]. Although 
the results of research on the effectiveness of caffeine 
consumption on anaerobic performance are somewhat 
contradictory [8–10], a meta-analysis by Grgic et al. [6] 
showed that caffeine consumption improves peak power 
and mean power during Wingate testing [6].

The lack of effect of caffeine consumption on neuro-
muscular fatigue and frequency of the EMG signal in 
this present study was consistent with the results of two 
previous studies [8, 9]. In the present study, we con-
cluded that caffeine does not affect the amplitude of the 

EMG signal, which is consistent with previous litera-
ture [8, 10]. According to previous studies, the impact 
of caffeine on CNS activity can increase neural drive to 
muscles, increase neurotransmitter release in the CNS, 
increase motoneuronal excitability, and increase motor 
unit recruitment [29]. However, in agreement with pre-
vious studies [8, 9], the present study does not support 
the hypothesis of increased motor unit recruitment and 
firing rate during supramaximal anaerobic exercise. 
Although caffeine may improve peak power and mean 
power during the Wingate test, it does not appear to 
affect motor unit recruitment and firing rate in this pres-
ent study. Therefore, the ergogenic effect of caffeine on 
anaerobic performance appears to be peripheral, which is 
consistent with Greer et al. [8].

An important finding in the present study, confirmed 
by previous research [28], is that caffeine ingestion had 
no effect on signal amplitude in the selected muscles 
evaluated in this study. The RMS amplitude decreased in 
the GS muscle, which was in line with the results found 
in San Juan et al. [10], and increased in the VL and VM 
muscles. The variation of signal amplitude changes in 
different muscles during the Wingate test needs to be 
investigated.

The mechanism of the effect of caffeine on CNS func-
tion during short-term high intensity exercise is not yet 
well understood [5, 7]. However, this lack of effect may 
be related to the nature of the Wingate test. During the 
30-second all-out exercise test, high-frequency fast-
twitch motor units are recruited. With fatigue, the fir-
ing rate decreases to ensure protection of whole-body 
homeostasis [30]. Caffeine consumption causes an 
increase in neural drive to muscles, increased release of 
neurotransmitters into the CNS, and eventually increased 
CNS activity [29]. However, it should be noted that the 

Fig. 4 Mean and standard deviations of the normalized Wavelet transform for RF, VL, VM, BF, and GS during six Wingate splits according to CAF and PL 
conditions. RF, rectus femoris; VL, vastus lateralis; VM, vastus medialis; BF, biceps femoris; GS, Gastrocnemius; CAF, caffeine; PL, placebo; s, second
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CNS is unique as it attempts to save a person from injury. 
The CNS may attenuate the firing frequency of motor 
units to prevent possible muscle injury (the concept 
of muscle wisdom) [31]. If the duration of the test were 
longer, perhaps the effect of caffeine on CNS function 
would be apparent and the CNS would delay fatigue by 
recruitment of subsequent motor units [23]. Hunter et al. 
(2003) found that healthy men who perform the Wingate 
test in a 30-second period are ineffective for the feedback 
loop between intramuscular metabolism and the CNS to 
affect motor unit recruitment strategies [23].

Yousif et al. [32] stated that fatigue detection would be 
more accurate if the amplitude of the EMG signal were 
combined with other methods, such as spectral analy-
sis, to obtain better detection and more reliability [32]. 
Since the WT analysis showed that caffeine has no effect 
on fatigue and neuromuscular function, we can inter-
pret that the ergogenic mechanisms of caffeine appear 
to be peripheral and not central due to the WT taking 
into account the frequency and amplitude of the signal 
together to identify potential fatigue. Therefore, the ergo-
genic effects of caffeine to improve anaerobic power dur-
ing the 30-second time frame of the Wingate test are not 
related to its effect on the CNS but to peripheral mecha-
nisms [8].

This study is not without limitations. Our study 
involved only male participants, raising questions about 
the applicability of the results to female populations, 
making it difficult to extrapolate the findings to females. 
To address these limitations and enhance the robust-
ness of future research, there is a clear need for larger-
scale studies that includes both mixed-gender and female 
populations.

Conclusions
The results of our study provide evidence that acute 
caffeine ingestion improved anaerobic performance 
(Wingate test) in young male futsal players. Given that 
participants of the present study were highly trained 
young futsal players and the nature of this sport requires 
aerobic and anaerobic energy pathways throughout exer-
cise, cellular adaptations in the muscle tissue of these 
athletes may provide the conditions for the absorption 
of peripheral ergogenic effects of caffeine. Future stud-
ies are recommended to compare the effects of caffeine 
consumption on nerve firing rate and CNS function dur-
ing intense short-term activity between professional and 
amateur athletes.
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