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Abstract This study verifies if caffeine supplementation
delays the onset of fatigue, enhancing performance, and
whether this effect is due to modulation of the caffeine in
the rating of perceived exertion, motor drive activation,
autonomic nervous system, and energy metabolism. Nine
recreational athletes were submitted to two constant load
tests after supplementation of caffeine and placebo. In both
conditions, the fatigue was not identified by the motor
drive activity, autonomic nervous system, and energy
metabolism. CAF group improved performance (total time
until exhaustion) in 27 % compared with PLA
(1220 £ 245 vs 963 £ 243 s, P < 0.05). When compared
with the absolute time, the RPE presents a reduction on the
final term of the caffeine condition on the same time when
compared with the placebo condition (17 £ 2 vs 19 + 1,
P < 0.05). This ergogenic effect has not changed cardiac
autonomic activity and energy metabolism. We showed
that caffeine supplementation increases the time associated
with a reduction in the ratings of perceived exertion con-
cluding that fatigue is controlled by central mechanisms.
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Introduction

The governor central model (GCM) of fatigue states that
physical performance is regulated by the central nervous
system (CNS) [1, 2]. According to the GCM, exercise is
regulated by the brain to prevent catastrophic failure of
biological systems. The ergogenic resources that act in the
CNS can modulate this regulation postponing the onset of
fatigue, enhancing physical performance [1, 3, 4]. Inves-
tigating the effects triggered by these feature is a way to
understand the physiological mechanisms involved in
fatigue.

Caffeine is a nutritional ergogenic aid commonly used
during physical exercise, aiming to delay fatigue, enhanc-
ing physical performance [5]. The caffeine supplementa-
tion has low risk, is inexpensive, easily accessible, and
socially acceptable [5]. After being removed from the list
of prohibited substances of the World Anti-Doping Agency
in 2004 [6], prevalence rates show that three out of four
athletes use caffeine during competitions [7]. The delay in
the onset of fatigue and improvement in performance due
to supplementation of caffeine is attributed generally to its
mechanism of action in the CNS [8]. Due to its lipophilic
nature, caffeine crosses the blood brain barrier and cellular
membranes from other tissues [9, 10]. Thus, it is also
attributed to the ergogenic effects of caffeine on fatigue
mechanisms of action in peripheral systems as well [8, 10,
11].

Assuming that fatigue is regulated by the CNS and that
the caffeine has central and peripheral action, this study
aimed to verify if caffeine supplementation delays the
onset of fatigue, enhancing performance, and whether this
effect is due to modulation of the caffeine in the perception
of effort, activation of the motor drive, autonomic nervous
system, and energy metabolism.
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Methods
Subjects

This study included nine trained men, experienced in
cycling. The subjects were allowed to participate of the
study after prior medical evaluation, which found the
absence of any impediment of cardiological, endocrine-
metabolical, cardiorespiratory, or muscular joint order. The
sample characteristics are described in Table 1. The insti-
tutional research ethics committee (Federal University of
Sdo Paulo) approved the study, and the subjects provided
informed consent before participation.

Experimental design

This study was a double blinded, randomized, placebo-con-
trolled, crossover study with a repeated measures design.
Subjects performed three visits to the laboratory with an
average interval of 72 h between each visit. In the first visit
anamnesis, anthropometric evaluation and maximal incre-
mental cycle ergometer test were made to determine the
second ventilatory threshold (VT,) and maximal oxygen
uptake (VO,max). In the second and third visit, subjects were
submitted to a constant load test corresponding to VT,
intensity after ingestion of caffeine or placebo. The subjects
were instructed to refrain from the practice of intense exer-
cise and alcohol consumption for at least 24 h before the
experimental sessions, avoid the consumption of foods and
beverages containing caffeine and/or stimulants for at least
48 h before the experimental sessions and to repeat the same
feeding before the tests. All tests were performed on a cycle
ergometer with mechanical braking (MONARK ®, model
828E). The pedaling cadence was maintained at 80 rpm [12],
and the laboratory temperature was at 21 °C. Tests were
always performed in the same period and time of day.

Maximal incremental test

Subjects were submitted a maximal incremental cycle
ergometer test after 3 min of warm-up load of 0.5 Kp with

Table 1 Sample characteristics

Variables Mean + SD
Age (years) 34.8 + 8.9
Height (cm) 177.0 £ 4.2
Weight (kg) 80.0 £9.1
Body fat percentage (%) 120 £ 54
Number of workouts per week (days) 54+1.0
Time specific training per week (h) 120 £59
Time experience in cycling (years) 74+ 78
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increments of 0.5 Kp every 3 min, the test was conducted
up to exhaustion. To ensure that the maximum stress was
reached, the subjects were verbally encouraged (BARON
et al. [15]). The test was terminated when indicators of
fatigue (the subject report or inability to maintain pedaling
cadence at 80 rpm) were observed. Heart rate (HR) was
measured continuously during the test by means of a heart
rate monitor (RS800CX, Polar®, Finland).

Measurements of VO,, carbon dioxide production
(VCO,), ventilation (VE), respiratory exchange ratio
(RER), and other ventilatory parameters were carried out
during the test using a metabolic gas analyzer (K4b2,
Cosmed, Rome, Italy). The exhaled breath gases were
measured breathing (breath by breath), and the results were
analyzed by means every 15 s. Before each test, the system
for analysis of oxygen (O,) was calibrated with ambient air
and with a known concentration of O, and carbon dioxide
(CO,) according to the manufacturer’s instructions (K4b2
instruction manual). The measurement of the flow of the
K4b2’s turbine was calibrated using a 3 L syringe.

VT, was determined by three ventilatory parameters: (1)
second loss in linearity of ventilation; (2) increasing the
curve representing the ventilatory equivalent for CO, (VE/
VCO,); and (3) decreasing in end tidal CO, (% FeCO,)
[13], and VO,max was determined by the highest value
obtained every 15 s [14].

Constant load tests

After 3 min of warm-up load of 0.5 Kp, the subjects
underwent in two cycle ergometer tests on separate days,
corresponding to VT, intensity until exhaustion. To ensure
that the maximum stress was reached, the subjects were
verbally encouraged [15]. The tests were terminated when
indicators of fatigue (voluntary reporting or inability to
maintain pedaling cadence) were observed.

Ventilation and HR parameters were measured contin-
uously during the constant load tests in accordance with the
procedures used in the maximal incremental test. The
parameters listed are expressed in three points #y % (be-
ginning of test), 59 % (half of the test) and #,o9 % (point of
fatigue) or by the mean time obtained in absolute caffeine
and placebo conditions.

Heart rate varialility

The heart rate variability (HRV) was recorded during
constant load tests using a heart rate monitor (RS800CX,
Polar®, Finland) and subsequently analyzed by specific
software (v.2.0 Kubios HRV, Biosignal and Medical Image
Analysis Group, Department of Physics, University of
Kuopio, Finland). RR intervals (RRi) below 300 ms and
above 2.000 ms were considered artifacts and edited
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manually. The resulting signal was filtered by software
eliminating ectopic beats and artifacts. Each RRi edited
was replaced by the mean value maintaining the trend of
the time series of RRi. Segments whose edition of pre-
mature beats or noise exceeded 15 % of the signal were
excluded from analysis. The filtering techniques have been
described in previous studies [16, 17].

HRV was analyzed by frequency domain. Low fre-
quency (LF, 0.04-0.15 Hz), which is associated with both
the intensity of the parasympathetic and sympathetic
modulation of the ANS on the heart; from the power
spectrum density of the following components were
obtained; high frequency (HF, 0.15-0.4 Hz), expressing
the parasympathetic modulation acting on the sinoatrial
node; rate LF/HF, indicating the index of sympathovagal
balance [18]. The power spectra were calculated in nor-
malized units (nu) [18].

Caffeine and placebo administration

Subjects ingested pure caffeine (6-mg kg~' body mass)
[19] or placebo prepared and packaged in capsules with
similar physical characteristics, 15 min before the constant
load test [10].

Evaluation of the rate of perceived exertion

All subjects self-rated overall perceived exertion using the
Borg scale (6-20 points) [20] every 5 min of the time-to-
exhaustion test and at the volitional fatigue moment.

Collection and processing of the electromyographyc
signal

The acquisition of the surface electromyographic signal
(sSEMG) happened in the presence of caffeine and placebo
during the tests. For the acquisition was used bipolar
electrodes coated with silver and silver chloride (Ag/AgCl)
positioned on the belly of the rectus femoris (RF), vastus
lateralis (VL), and vastus medialis (VM), respecting the
distance between the electrodes of 20 mm as well as the
standards set by surface electromyography for the non-in-
vasive assesment of muscle (SENIAM) and Hermens et al.
[21]. To reduce possible interferences in the passage of
electrical stimulation were performed, before the place-
ment of the electrodes, shaving and cleaning of the skin
with alcohol, at the level of the studied muscle. The ref-
erence electrode was placed on the styloid process of the
ulna. To obtain the data of the surface electromyographic
signals, was used a eight channels module of biological
signals acquisition (Miotool wireless/USB ®) which were
calibrated with a gain of 1000 times; with a high-pass filter
of 10 Hz and a low-pass filter of 500 Hz with a sampling

frequency of 2000 Hz; and a common rejection module of
120 dB. The signals were stored in a specific software
(Miotec®), in which the test parameters consisted of con-
tinuous collection and were exported for processing digital
signals. The EMG signal processing was performed in the
frequency domain by applying the fast Fourier transform
(FFT) (Hamming window processing, 512 points), fol-
lowed by obtaining the mean frequency (MDF) of the
spectrum. The signal processing was performed in the
Matlab 7.0 (MathWorks ®) software.

Statistical analysis

For the presentation of the data, a descriptive statistics
(mean + SD) was used. As the index of HRV, LF, HF, and
LF/HF, exhibit great variability and inter intrasubjects, and
they were transformed into natural logarithms (LFIn, HFIn,
and LF/HFIn) allowing the use of parametric statistical
tests. The Shapiro—Wilk test was performed to verify the
normality of the data and then applied the paired Students’
t test to compare the time to exhaustion, the effort sub-
jective perception and electromyographic activity, index of
HRYV, and cardiorespiratory parameters between caffeine
and placebo groups in constant load tests. Significance
level of P < 0.05 was accepted.

Results

The values obtained in the maximum incremental test are
shown in Table 2.

Figure 1 shows that there was a 27 % increase in time to
exhaustion in the group that exercised under effect of
caffeine supplementation (pla 963 £ 243 s vs caf
1.220 £ 245 s, P = 0.035).

Table 2 Values obtained in the maximum incremental test

Variables Mean £ SD
VT,Load (kp) 3.0 £ 04
VT, %VO2 méx 794 + 7.1
Load . (kp) 3.8 £04
HR,,,x (bpm) 189.0 & 14.1
VOomax (L min™1) 37406
VCOspmax (L min~") 48 404
VEax (L min™1) 158.6 + 24.9
RER 0 15405

VTiouaz load corresponding to the ventilatory threshold 2, VT, %
VOomax percentage of relative load corresponding to  VOjpax,
Load,,,, maximum load, HR,,,, maximum heart rate, VOpp,x maxi-
mal oxygen uptake, VCOjyax maximum output of carbon dioxide,
VE, .. maximum ventilation, RER,,,, respiratory exchange ratio
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Fig. 1 Time to exhaustion in the exercise held at second ventilator
threshold intensity after caffeine ingestion (CAF) and placebo (PLA).
Data presented as mean + SD. *P = 0.035
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Fig. 2 Rate of perceived exertion under effect of placebo (PLA) and
caffeine (CAF) expressed in absolute time. Data presented as
mean £ SD. *P = 0.07. RPE rate of perceived exertion

The CAF intervention had longer time to exhaustion
than PLA (over 4 min). When PLA group finished the task
(volitional fatigue), the CAF group kept exercising, and at
this moment (~ 16 min), the RPE was higher to PLA than
CAF. However, when we compare the time to exhaustion
of PLA (~16 min) with CAF (~20 min) the difference
did not remain (Fig. 2).

Figure 3 shows that there was no difference in RPE
between caffeine and placebo conditions when expressed
as percentage of total time-to-exhaustion at point 7y, %
(P =0.76), tsg % (P = 0.14) and #1990 % (P = 0.34).

Figure 4 shows that, in both experimental conditions,
there was a constant behavior of neuromuscular activity
throughout the test. Comparing the caffeine and placebo
conditions, the muscles of VL showed higher activity in the
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Fig. 3 Rate of perceived exertion under effect of placebo (PLA) and
caffeine (CAF) expressed in percentage of exhaustion time. Data
presented as mean £ SD. RPE rate of perceived exertion

neuromuscular in the caffeine condition at point 759 %
(P = 0.017).

There was no significant difference between groups in
the natural logarithms of the components of HRV low
frequency (LFIn) (P = 0.46), high frequency (HFIn)
(P = 0.23) rate, and sympathovagal balance (LF/HFIn)
(P = 0.32) (Fig. 5).

The RER showed no significant difference between
groups after caffeine and placebo administration at point
tio % (P = 0.73), t50 % (P = 0.17) and t,99 % (P = 0.28)
(Fig. 6).

Discussion

Caffeine supplementation showed positive effects post-
poning the onset of fatigue (Fig. 1). This effect can be
attributed to central factors. When the central regions
related to the construction of the RPE are stimulated, this
result in better physical performance associated with lower
RPE [22]. It has been shown, on average, an increase of
11.2 % in the exhaustion time and a decrease of 5.6 % in
the RPE in studies with caffeine supplementation [23]. Our
data showed an increase in time to exhaustion by 27 and
7 % reduction in RPE on the caffeine group.

The caffeine condition had lower RPE than placebo
treatment when analized by absolute time (Fig. 2). Lower
values of RPE are associated with better performance [24].
Therefore, CAF supplementation positively modulates the
physical performance via less RPE, but differences
between the RPE disappear when the data are expressed as
a function in expressed in percentage of total time-to-ex-
haustion. (Figure 3) [22, 25]. The lack of difference is
consistent with the teleoanticipation mechanism, according
to the GCM [26].
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Fig. 4 Mean frequency of the spectrum under effect of placebo
(PLA) and caffeine (CAF) expressed in percentage of exhaustion
time. Data presented as mean & SD. *P = 0.017

This study is probably the first to investigate the effect
of caffeine supplementation on the ANS activity reflected
by HRV during exercise performed until exhaustion in
VT,. The modulation of sympathetic and parasympathetic
activity was not altered by caffeine supplementation. Pre-
vious studies found that the ANS activity is modulated in
response to exercise and not by of caffeine supplementa-
tion [27]. During physical exercise, reduction of vagal
activity and increased sympathetic activity on the HR
through its action on automaticity in the sinus node occurs
[27]. Thus, it is evident that regardless of the administered
substance, caffeine or placebo, changes in cardiac auto-
nomic activity are responses to physical exercise and not
the supplemental caffeine.
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Fig. 5 Natural logarithm of heart variability of low-frequency index
(LFIn), high-frequency index (HFIn), and sympathovagal balance(LF/
HFIn) under effect of placebo (PLA) and caffeine (CAF). Data
presenting as mean &+ SD. Ln natural logarithm
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Fig. 6 Response of the respiratory exchange ratio under effect of
placebo (PLA) and caffeine (CAF) expressed in percentage of
exhaustion time. Data presented as mean + SD. RER respiratory
exchange ratio

It is suggested that caffeine increases the production of
catecholamines [8]. This increase in plasma catecholami-
nes promotes greater free fatty acids mobilization from
adipose tissue and/or intramuscular, increasing lipid oxi-
dation and decreasing carbohydrate oxidation, sparing
glycogen [28, 29]. However, in this study, no differences in
RER between groups were observed. Thus, it denies that
the improved physical performance is related to the action
of caffeine on energy metabolism, as proposed by classical
and contemporary studies [28, 30]. These data indicate that
modulation of fatigue through caffeine action is due to
central and not peripheral mechanisms.
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The antagonistic action of caffeine on the CNS promotes
increased release of excitatory neurotransmitters and low
thresholds for neural activation [31]. In experimental
models, caffeine administration increases time to exhaus-
tion in treadmill running [32]. In humans, the excitation of
brain structures involved in the construction of perceived
exertion, as insular cortex, thalamus, and anterior cingulate
cortex, is closely linked to positive changes in performance
[22]. Due to the complexity of the interactions among these
brain structures, the literature does not accurately identify
how caffeine modulates the RPE in each structure. How-
ever, Nybo and Nielsen [33] found an association between
the RPE and brain patterns analyzed by an increase in
blood flow in the middle cerebral artery, which distributes
blood to the lateral sulcus (including the insular cortex)
structure. Considering the high density of adenosine Al
type found in these regions [34, 35] plus the greater
availability of caffeine through the middle cerebral artery,
we point a hypothesis reported in the literature by Graham
[36] in which there is a greater antagonizing receptors in
this region. Such evidence shows the potential modulator
of caffeine as an adenosine antagonist and promotes
changes in performance per central actions related to RPE.

During the experimental conditions, there was a pattern
of constant activation of the drive motor (Fig. 4), unlike the
literature data which could identify neuromuscular fatigue
by a decrease in the electromyographic signal linearity
[37]. Our data show that central mechanisms together with
the RPE have a primary action in deciding the ending point
of the exercise. These data corroborate the GCM in which
CNS is the main factor limiting performance [38].

Caffeine induced an increase in neuromuscular activa-
tion of the VL muscle at time #5y %. Despite these changes
do not remain constant, they will meet the literature asso-
ciated with the presence of neurotransmitters (serotonin
and norepinephrine) resulting from antagonizing caffeine.
These responses have an ergogenic action due to the
increase in spinal excitability [39] and increased self-sus-
taining firing of motoneurons [40].

Conclusions

The caffeine supplementation increases time to exhaustion
by a reduction in the rating of perceived exertion and
increasing the drive motor activity, allowing the athlete to
access for a longer time their physiological reserves to
maintain the activity. This effect is neither due to action
mechanisms of caffeine in modulating SNA activity nor the
action mechanisms of the respiratory system and energy
metabolism. Fatigue was regulated by the caffeine action in
the CNS.
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