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Abstract

Purpose To investigate the effect of caffeine ingestion on
the 3-min all-out test (3MT) performance and plasma elec-
trolytes in athletes.

Methods Fifteen collegiate male basketball players were
recruited and completed two trials separated by at least 1 week
in caffeine (CAF, 6 mg kg~') and placebo conditions. During
the first visit, participants performed an incremental cycling test
to determine their 3MT resistance. After a familiarization trial,
participants performed a CAF or PL trial according to a ran-
domized crossover design. One hour after ingesting capsules,
the participants performed the 3MT to estimate the end-test
power (EP) and work done above EP (WEP). Blood samples
for sodium (Na™), potassium (K*), pH, and lactate concentra-
tions were drawn pretest, 1 h after ingestion, and posttest.
Results Significant differences in WEP (CAF vs. PL,
134 £3.0vs. 12.1 &£ 2.7 kJ, P < 0.05) but not in EP (CAF
vs. PL, 242 4 37 vs. 244 + 42 W, P > 0.05) were deter-
mined between the conditions. Compared with the PL
condition, the CAF condition yielded significantly higher
power outputs (60-150 s), a lower fatigue rate during the
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3MT (CAF vs. PL, 0.024 + 0.007 vs. 0.029 4 0.006 s~ !,
P < 0.05), a significantly higher lactate concentration after
the 3MT, and significantly lower K™ concentrations at 1 h
after caffeine ingestion. There were no significant interac-
tion effects for pH and Na™ concentrations.

Conclusions Caffeine ingestion did not change EP but
improved WEP and the rate of decline in power output dur-
ing short-term, severe exercise.

Keywords Critical power - Nutritional supplement -
Ergogenic aid - Anaerobic power - Performance -
Short-term high-intensity exercise

Abbreviations

3MT 3-Minute all-out test
CAF Caffeine treatment

CI Confidence intervals
CNS Central nervous system
CpP Critical power

EP End-test power

ES Effect size

FR Fatigue rate

GET Gas exchange threshold
HR Heart rate

HRpeak Peak heart rate

K* Potassium

Na* Sodium

PL Placebo treatment

RPE Rating of perceived exertion
SD Standard deviation

VO, Oxygen uptake
VOjymax  Maximal oxygen uptake
VOypeak Peak oxygen uptake

w’ Curvature constant
WEP Work done above EP
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Introduction

The critical power (CP) and curvature constant (W),
derived from the CP test, have been proposed to predict
aerobic and anaerobic capacities, respectively (Monod
and Scherrer 1965; Moritani et al. 1981). Generally, CP
and W’ can be determined by requiring participants to per-
form multiple constant load tests until reaching exhaus-
tion and by calculating the linear and hyperbolic relation-
ships between the work or power outputs and the time to
exhaustion (Monod and Scherrer 1965). Theoretically,
CP represents the work rate upper limit that can be main-
tained at a metabolic steady state and demarcates the heavy
from severe exercise intensity domains (Poole et al. 1988;
Dekerle et al. 2008). The W' has been defined as the total
work that can be performed above CP and is associated
with the immediate energy stores available to the working
muscles (Monod and Scherrer 1965; Moritani et al. 1981).
As a maximal steady-state work rate, the CP represents a
crucial determinant of endurance performance. Previous
studies have revealed that the CP is significantly corre-
lated with endurance performance for competitive cyclists
(Smith et al. 1999), rowers (Shimoda and Kawakami 2005),
and runners (Kolbe et al. 1995).

Numerous studies have reported that ingestion of
3-6 mg kg~! of caffeine can improve time to exhaustion
and time trial performance (Ganio et al. 2009; Mohr et al.
2011; Desbrow et al. 2012; Black et al. 2015) as well as
short-term, high-intensity exercise performance (Collomp
et al. 1992; Wiles et al. 2006; Jenkins et al. 2008; Sim-
monds et al. 2010). Caffeine ingestion can postpone the
time to exhaustion during exercise (Gaesser and Rich 1985;
Dodd et al. 1991; Doherty 1998; Simmonds et al. 2010); it,
therefore, may influence the CP value. Fukuda et al. (2010)
examined the effect of a compound supplement comprising
caffeine (approximately 1.4 mg kg~!), creatine, and amino
acids. Trained participants were asked to consume this pre-
exercise supplement prior to completing fixed-intensity
exercise sessions to exhaustion. The study results suggested
that this preexercise supplement had no effect on CP; how-
ever, the studied supplement contained, in addition to a
relatively small amount of caffeine, numerous ingredients,
making it difficult to ascertain the true effect of any single
ingredient. According to our literature review, few studies
have examined the effect of caffeine on CP.

Caffeine ingestion of 2-6 mg kg~! by untrained par-
ticipants does not increase the peak or mean power out-
put in a 30-s Wingate test (Collomp et al. 1991; Bell
et al. 2001; Woolf et al. 2008) or improve repeated Win-
gate exercise performance (Greer et al. 1998; Crowe
et al. 2006; Forbes et al. 2007). In an earlier study
(Collomp et al. 1992), caffeine ingestion by trained
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swimmers resulted in improved performance in two
100-m sprint tests; however, this effect was not found in
untrained swimmers. Subsequent studies also indicated
that caffeine ingestion improved 1-km cycling time trial
performance (Wiles et al. 2006) and time to exhaustion
(approximately 2—-3 min) during supramaximal exercise
(Doherty 1998; Simmonds et al. 2010) in trained indi-
viduals. Fukuda et al. (2010) determined that low dos-
ages of caffeine increased the W’ of trained athletes.
Therefore, these studies have revealed that caffeine has
no significant effect on untrained individuals perform-
ing high-intensity exercises for durations of 60-180 s,
but that trained athletes may benefit from the ergogenic
effects of caffeine. Previous studies have found that caf-
feine ingestion reduces both effort sense (Doherty and
Smith 2005) and leg muscle pain (Motl et al. 2003,
2006; Gliottoni and Motl 2008; Gliottoni et al. 2009)
during exercise. In addition, caffeine could improve
the ability of muscle to generate force by increasing
motor unit recruitment (Kalmar and Cafarelli 1999;
Kalmar 2005; Warren et al. 2010; Black et al. 2015).
The improved effort sensation and muscular strength
might contribute to the ergogenic effects of caffeine
during short-term, high-intensity exercise. Recently, the
3-min all-out test (3MT) has been developed to simulta-
neously assess CP and W’ in a single trial (Burnley et al.
2006; Vanhatalo et al. 2007; Cheng et al. 2012; Berg-
strom et al. 2013). Thus, the first objective of the pre-
sent study was to examine the effect of caffeine inges-
tion on CP and W’ values in trained athletes after 3MT
participation.

Accumulation of extracellular potassium concentra-
tion ([K™]) during intense exercise has been suggested to
cause skeletal muscle fatigue and decline in force develop-
ment due to impaired membrane excitability (Fitts 1994;
McKenna et al. 2008). It has been suggested that caffeine
ingestion might delay the development of muscle fatigue
during exercise by increasing activity of sodium/potas-
sium ATPase pumps (Astorino and Roberson 2010), thus
reducing extracellular accumulation of [K'] (Lindinger
et al. 1993; Crowe et al. 2006; Simmonds et al. 2010; Mohr
et al. 2011). Resting values of plasma [K™] is substantially
lower after caffeine ingestion (Lindinger et al. 1993; Crowe
et al. 2006; Simmonds et al. 2010); however, not all stud-
ies found this effect (Greer et al. 1998; Mohr et al. 2011).
Findings of changes to plasma [K™] during and after exer-
cise were also inconsistent (Lindinger et al. 1993; Greer
et al. 1998; Crowe et al. 2006; Simmonds et al. 2010;
Mohr et al. 2011). Thus far, only one study (Lindinger
et al. 1993) determined that caffeine improved plasma [K*]
during and after exercise (at intensities of 78 and 85 % of
maximal VOz); most studies have observed that, during
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extremely high-intensity exercises, the ability of caffeine
to mitigate increased plasma [K™] was insignificant (Greer
et al. 1998; Crowe et al. 2006; Simmonds et al. 2010; Mohr
et al. 2011). Therefore, we hypothesized that caffeine
ingestion would improve 3MT performance among athletes
by decreasing plasma [K*] at rest, but would not influence
plasma [K*] after exercise.

Methods
Participants

Fifteen Division I collegiate male basketball players (age
20 =+ 2 years, height 1.88 % 0.06 m, body mass 84 £ 12 kg,
VOsmax 52 + 6 mL kg~! min~") voluntarily participated in
this study. Habitual caffeine intake was determined for all
participants based on caffeine-rich food and beverage recall
(i.e., coffee, tea, soda, chocolate). They reported habitual
caffeine intake of 50-100 mg day~'. The study was con-
ducted during the off season of the athletes’ annual train-
ing schedule. All of the participants completed a medical
history and a health questionnaire and signed informed
consent forms before participating in the experiment. This
study was approved by the Taipei Medical University-Joint
Institutional Review Board.

Experimental design

A test that used a double-blind, randomized, crossover
design was conducted in this study. The testing protocol
required four visits to the laboratory over a 3-week period.
Participants first performed an incremental cycling test
to determine the VOo,max and gas exchange threshold
(GET). During the second visit, participants performed
the 3MT, which served as a familiarization trial and was
not included in the data analyses. Previous studies have
revealed that the 3MT had a moderate to high test-retest
reliability (Burnley et al. 2006; Johnson et al. 2011; Cheng
et al. 2012) and that the end-test power (EP) derived using
the 3MT can appropriately determine the CP value esti-
mated using the traditional work — time and power — 1/
time CP models (Vanhatalo et al. 2007; Cheng et al. 2012).
A strong correlation exists between the work done above
EP (WEP), which can be inferred from the 3MT, and W/,
which is estimated using traditional CP models (Vanhatalo
et al. 2007).

During the following two visits (separated by at least
1 week to ensure a washout of the supplements), a rand-
omized crossover design was used to administer gelatin
capsules containing either caffeine (CAF, 6 mg kg~ of caf-
feine; Sigma-Aldrich, St. Louis, MS, USA) or a placebo
(PL, identical number of capsules containing cellulose;

Holy Food, Taoyuan, Taiwan) with 200 mL of water to the
participants. After ingesting the caffeine or placebo cap-
sules, the participants were asked to rest in a supine posi-
tion for 1 h in a semidark and quiet room. Afterwards, the
participants performed the 3MT on a cycling ergometer
(Avantronic Cyclus II; h/p/cosmos, Leipzig, Germany).
Plasma caffeine was not measured directly in this study,
but was estimated based on previous findings (Graham and
Spriet 1995). This dose likely results in a plasma caffeine
concentration of ~45 wM, and the 3MT was conducted
1 h later to allow sufficient time for caffeine to reach peak
plasma concentrations (Graham and Spriet 1995). The
blood samples were obtained before and 1 h after ingesting
the caffeine or placebo, and 5 min after the 3MT. The par-
ticipants completed all of the trials during the same period
(£2 h) of testing days to eliminate any effect from circa-
dian variation.

The participants were required to abstain from creatine
or other nutritional supplements during the 12 weeks prior
to the trials; those who did not abstain were excluded from
the study. None of the participants reported using any nutri-
tional supplements at the time of the study. The participants
refrained from drinking alcohol or caffeine-containing bev-
erages for 24 h before the experiments began and fasted at
least 4 h prior to visiting the laboratory, thus reducing food
interference in the experiment. In addition, the participants
were required to limit caffeine consumption to less than
100 mg daily throughout the study. They recorded the con-
tents of the meal consumed before each exercise trial and
were asked to consume the same meal before each trial to
reduce food inference.

Assessment of VOomax and GET

During each participant’s first visit to the laboratory, the
cycling ergometer seat and handlebars were adjusted for
comfort. These same settings were restored for each con-
secutive exercise trial. Before the incremental cycling test,
all participants were asked to cycle at different pedaling
rates of 70, 80, and 90 rpm for a while, and then chose
the most comfortable one as their self-selected cadence
(80 rpm, N = 13; 90 rpm, N = 2). Following a previous
experimental design (Vanhatalo et al. 2007), the partici-
pants performed an incremental cycling test in which the
exercise load was gradually increased. The participants first
performed 3 min of unloaded baseline pedaling (0 W); the
load was increased by 30 W every min thereafter until voli-
tional exhaustion. During the incremental cycling test, the
participants maintained a self-selected cadence for as long
as possible. Strong verbal encouragement was provided
throughout the trial. Exhaustion was defined as a pedal rate
of 10 rpm lower than the self-selected cadence for 10 s or
more.
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Pulmonary gas exchanges were measured breath-by-
breath throughout the incremental cycling test by having
the participants wear a face mask (7400 Vmask series,
Hans Rudolph, Kansas City, MO, USA) attached to a port-
able gas analysis system (Cortex Metamax 3B; Cortex
Biophysik, Leipzig, Germany). Before the test, the system
was calibrated according to the manufacturer’s guidelines
against known concentrations of cylinder gases (15 % oxy-
gen, 5 % carbon dioxide) and a 3-L calibration syringe
(5530 series, Hans Rudolph, Kansas City, MO, USA).
Heart rates were monitored using a telemetry system with
a wireless chest strap (Polar S810i; Polar Electro, Inc., Oy,
Kempele, Finland) and continuously measured through a
link to the Cortex gas analysis system during the exercise
test. The greatest VO, value (averaged every 30 s) meas-
ured during the incremental cycling test was recorded as
the VOzmaX value. The data were reduced to 10-s averages,
and three researchers separately estimated the GET values
using the V-slope method (Beaver et al. 1986). If the results
differed, the three researchers discussed the results until a
consensus was reached.

Performance trials

The participants warmed up with 5 min of cycling at 100 W
followed by 5 min of rest prior to the 3MT. The 3MT
was performed according to previous studies (Vanhatalo
et al. 2007). Three minutes of unloaded baseline pedal-
ing (at 0 W and a self-selected cadence) were immediately
followed by 3MT with all-out effort. In the final 5 s of
unloaded baseline pedaling, the participants were asked to
increase the pedal rate to 110 rpm. In the 3MT, the load
used was half of the difference between the VOzmax and
GET values, as previously determined by the incremental
cycling test. In other words, the load used was the GET
plus 50 % A, where A is the difference between VOzmax
and the GET. Throughout the entire trial, the participants
were provided strong verbal encouragement but were not
informed of the elapsed time, thus preventing pacing. To
ensure that the participants exercised with all-out effort
until exhaustion, they were asked to maintain a maximum
pedal rate throughout the trial.

Throughout the trial, the Cortex gas analysis system and
the Polar heart rate monitor were used to measure oxygen
uptake and heart rate. Peak oxygen uptake (Vngeak) and
peak heart rate (HRpeak) were defined as the highest mean
VOz and HR values obtained in 10-s intervals throughout
the 3-min effort to exhaustion. Immediately after complet-
ing the 3MT, the Borg (6-20) Scale was used to assess the
rating of perceived exertion (RPE) (Borg 1970). Through-
out the 3MT, the power output data were recorded by the
ergometer’s built-in software. Following the trial, all of the
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data were transmitted to a personal computer to analyze the
EP, WEP, peak power, mean power, total work, and mean
cumulative power output calculated in 30-s intervals dur-
ing the 3MT. EP was defined as the mean power in the final
30 s of the 3MT to exhaustion, and WEP was defined as the
power—time integral above the EP in the 3MT. To assess the
level of fatigue during the 3MT, the fatigue rate (FR) was
calculated using the rate constant of the exponential decline
of power output (Naharudin and Yusof 2013). A single-
exponential model was used to characterize the power out-
put responses to the 3MT, as described in the following
formula:

Py =Py+A- (™)

where P(f) represents the power output at a given time 7, P
represents the maximal power out, and A and k represent
the amplitude and rate constant (i.e., FR), respectively. The
lower FR would mean participants can maintain the power
output longer throughout the 3MT period. The parameters
of the nonlinear least-squares algorithm were calculated
using SigmaPlot software (version 10.0, Systat Software,
Inc., Germany) to fit the power output data.

Blood sampling and analysis

Capillary blood samples were taken by ear lobe puncture
before and after the 3MT. The first blood samples were
discarded, and the second blood samples (approximately
5 pL) were used to analyze the blood lactate concentrations
using the lactate chemistry analyzer (Lactate Pro, Arkray,
Inc., Japan). The Lactate Pro analyzer was calibrated using
check or calibration strips provided by the manufacturer
30 min before testing the capillary blood samples, thus
ensuring the correct operation and precision of the ana-
lyzer. For measuring the blood pH value and electrolytes
concentrations, whole blood samples (approximately 1 mL)
were drawn from the medial antecubital vein. A blood gas
analyzer (OPTI CCA-TS; OPTI Medical System, Inc.,
USA) was used to assess the blood pH values as well as the
sodium and potassium concentrations.

Statistical analysis

A previously described statistical spreadsheet (Hopkins
2006) was used to determine the study’s sample size.
The spreadsheet estimates sample size requirements for
magnitude-based inferences when the typical error and
the smallest worthwhile change for the cycling perfor-
mance measure are entered. The data used for these val-
ues were obtained from the systematic review of a previ-
ous study (Astorino and Roberson 2010) that focused on
the acute effects of caffeine on variation in power output



Eur J Appl Physiol (2016) 116:1693-1702

1697

Table 1 Effects of caffeine ingestion on power output performance

Caffeine Placebo
EP (W) 242 + 37 244 + 42
WEP (kJ) 13.4 4+ 3.0% 12.1 £ 2.7
Peak power (W) 538 + 60 537 £ 49
Mean power (W) 316 &+ 34 311 + 38
Total work (kJ) 56.9 + 6.2 56.0 £ 6.9
PO;, (W) 472 £ 45 471 £ 43
POg, (W) 419 4 37* 410 £ 38
POy, (W) 377 £ 35% 368 £+ 37
PO,y (W) 349 + 34%* 341 £38
PO, 5, (W) 330 £35 324 £ 38
FR (s7") 0.024 £+ 0.007* 0.029 £+ 0.006

EP end-test power output, WEP work done above end-test power
output, POj3, averaged power output from O to 30 s, POy, averaged
power output from 0 to 60 s, POy, averaged power output from 0 to
90 s, PO,,, averaged power output from O to 120 s, PO,s, averaged
power output from 0 to 150 s, FR fatigue rate

* Significantly different from placebo condition (P < 0.05)

during short-term, high-intensity exercise. These values
were 5.5 and 6.5 % for the typical error and the smallest
worthwhile change, respectively. A sample size calcula-
tion using these values indicated that this study required
13 participants.

SPSS for Windows software (version 17.0, SPSS, Inc.,
Chicago, IL, USA) was used to conduct statistical analy-
sis. The results are expressed as mean & standard devia-
tion (SD). The Shapiro—Wilk normality test was performed
to determine the homogeneity of the sample. The test of
normality verified that all of the data produced were nor-
mally distributed (P > 0.05). The dependent-measures t
test was used to evaluate the performance data (EP, WEP,
peak power, mean power, total work, power output aver-
aged every 30 s, FR), VOspeak, and HRpeak. A 2 (condi-
tion) x 3 (time) within-participants repeated measures
ANOVA was used to investigate differences in blood vari-
ables, including the blood lactate levels, pH values, sodium
concentration [Na™], and [K™]. If a significant interaction
was found, it was followed up by a one-way ANOVA with
Bonferroni post hoc comparisons to examine differences
over time and between conditions. The effect size (ES)
and 95 % confidence intervals (95 % CI) were calculated
to evaluate differences between conditions for mean values
of performance data and blood variables. The ES was cal-
culated by dividing the difference between mean values of
the conditions by the pooled SD (Cohen 1988). ES of <0.5,
0.5-0.79 and >0.8 were considered as small, moderate and
large effects, respectively (Cohen 1988). Statistical signifi-
cance was denoted by a P value <0.05.

Results
Exercise performance

The results of the performance data for the trial in CAF
and PL conditions are represented in Table 1. A signifi-
cantly higher WEP was observed in the CAF condition
(+10.7 %, P < 0.05, ES = 0.85, 95 % CI = —0.7 to 2.2)
than in the PL condition; however, no significant differ-
ence in EP was determined between the conditions. No
significant differences in peak power, mean power, or total
work were determined between the conditions during the
3MT. Regarding mean cumulative power output, the PO,
(+2.0 %, P < 0.05, ES = 1.02, 95 % CI —17.6 to 20.3),
POy, (+2.5 %, P < 0.05, ES = 1.20, 95 % CI —16.3 to
—19.7), and PO,,, (+2.2 %, P < 0.05, ES = 0.94, 95 %
CI —16.5 to 20.0) were all significantly higher for the
CAF condition than for the PL condition. The PO,5, in
the CAF condition was slightly higher than that in PL
with non-significant difference; however, PO, 5, exhibited
a moderate magnitude of effect size on the CAF condition
(+1.9 %, P =0.09, ES = 0.68, 95 % CI —16.9 to 20.1). As
shown in Fig. 1a, the power output between approximately
30 and 150 s was higher for the CAF condition than for
the PL condition. In addition, the FR for the CAF condi-
tion was significantly smaller than that for the PL condi-
tion (P = 0.006, ES = —1.20, 95 % CI —1.20 to —1.19).
Figure 1b demonstrates that the VO, reached a plateau
during the 3MT. No significant difference was found in
Vngeak between the conditions (CAF vs. PL, 48.0 &+ 7.5
vs. 492 + 6.3 mL kg™! min~!, P > 0.05, ES = —0.35,
95 % CI —4.2 to 2.8). However, the HRpeak was signifi-
cantly higher for the CAF condition than for the PL con-
dition (CAF vs. PL, 172 £ 7 vs. 165 = 8 bpm, P < 0.05,
ES = 1.35,95 % CI —2.3 to 5.2). No significant difference
in RPE was determined between the conditions after the
3MT (CAF vs. PL, 18.7 £ 1.5 vs. 18.7 £ 1.0, P > 0.05).

Blood parameters

Figure 2 demonstrates the effect of caffeine inges-
tion on the blood parameters before and after the 3MT.
A significant condition x time interaction effect was
found for the blood lactate concentrations (F = 10.131,
P < 0.05). Regardless of whether the participant ingested
caffeine or the placebo, the blood lactate concentrations
were substantially higher after the 3MT than at base-
line or at 1 h after ingestion (Fig. 2a). In addition, the
blood lactate concentrations after the 3MT were sub-
stantially higher with the caffeine than with the placebo
(CAF vs. PL, 11.25 + 2.58 vs. 9.80 + 1.76 mmol L™},
P < 0.05, ES = 1.28, 95 % CI —0.03 to 2.17). No
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significant interaction effect was determined for blood
pH (F = 0.658, P > 0.05,), but a significant main effect
was found for time (baseline vs. 1 h after ingestion vs.
after 3MT, 7.40 £ 0.02 vs. 7.39 £ 0.04 vs. 7.17 £ 0.07,
F = 193.368, P < 0.05). Regardless of whether the par-
ticipant ingested caffeine or the placebo, blood pH was
substantially lower after the 3MT than at baseline or 1 h
after ingestion (Fig. 2b).

In both conditions, plasma [K*] was significantly
higher after the 3MT than at baseline or 1 h after inges-
tion and significantly higher 1 h after ingestion than at
baseline (Fig. 2c). At 1 h after ingestion, plasma [K™]
was significantly lower in the caffeine condition than
in the placebo condition (CAF vs. PL, 3.87 £ 0.22 vs.
3.99 4 0.30 mmol L', P < 0.05, ES = —1.03, 95 % CI
—1.14 to —0.88); no significant differences between the
conditions were found at other time points. No significant
interaction effects were determined for plasma [Na™]. A
significant main effect was determined for time in plasma
[Nat] (F = 69.100, P < 0.05). The main effect for con-
ditions in plasma [Na'] was not significant (F = 0.047,
P > 0.05). Regardless of whether the participant ingested
caffeine or a placebo, plasma [Na®™] was substantially
higher after the 3MT than at baseline or 1 h after ingestion
(Fig. 2d).

Discussion

The primary aim of this study was to examine the effect of
acute caffeine ingestion on 3MT performance and plasma
electrolytes in athletes. The key findings were that (1) caf-
feine increased the WEP of well-trained athletes but had
no effect on EP and that (2) caffeine ingestion raised the
fatigue resistance of the participants by delaying the rapid
decline of power output between the 60th and 120th sec-
onds during short-term, high-intensity exercise, and low-
ered plasma [K*] prior to exercising. In addition, caffeine
ingestion increased blood lactate concentrations after exer-
cising but had no effect on blood pH.

Our results are consistent with those of Fukuda et al.
(2010), who found that the CP values derived using the
traditional CP model were not affected by low dosages
of caffeine ingestion but that the W’ was improved by the
caffeine. Particularly, the 3MT is considered an extremely
high-intensity exercise. A possible explanation for the
unchanged EP and increased WEP is that the caffeine stim-
ulation experienced by the central nervous system (CNS)
decreased the perceived pain levels during the late period
of the 3MT. Decreased pain sensitivity could likely post-
pone the fatigue, thereby postponing the time at which the
exercise would be terminated (Davis and Green 2009).
Therefore, caffeine ingestion may not affect an athlete’s EP

as estimated from the 3MT, and this finding holds true for
amounts of caffeine <6 mg kg~

Although the study results suggested that caffeine inges-
tion had no effect on EP, it substantially increased WEP.
Traditionally, W’ has been associated with anaerobic capac-
ity (Moritani et al. 1981) and believed to be anaerobic in
nature (Dekerle et al. 2008). In addition, previous studies
(Doherty 1998; Bell et al. 2001; Simmonds et al. 2010)
have reported that caffeine ingestion can improve the maxi-
mal accumulated oxygen deficit, which correlates well
with W' (Dekerle et al. 2008), in short-term, high-intensity
exercises (at an exercise intensity with a VOsmax of 120
or 125 % for approximately 2—3 min). Thus, a moderate to
high dose of caffeine ingestion might improve anaerobic
capacity in well-trained athletes.

The present study was the first to determine that caffeine
ingestion increased mean cumulative power output between
the 60th and 120th seconds of the 3MT and improved FR.
The results also suggested that caffeine ingestion increased
HRpeak and lactate concentrations postexercise but had
no effect on RPE, which indicates that, at the same RPE,
caffeine can improve power output performance and delay
the rapid decline of power output during high-intensity
exercises. This finding suggests that caffeine ingestion can
increase an athlete’s tolerance for short-term, high-intensity
exercises. The antagonism of adenosine receptors is com-
monly considered to be the primary ergogenic mechanism
of caffeine (Davis and Green 2009; Goldstein et al. 2010).
Caffeine acts as an adenosine antagonist on the CNS and
changes the perception of pain during exercise. Previous
studies reported that caffeine ingestion reduces leg mus-
cle pain (Motl et al. 2003, 2006; Gliottoni and Motl 2008;
Gliottoni et al. 2009) during moderate and heavy cycling
exercise, but this hypoalgesic effect disappeared with
increases in performance during heavy to severe-intensity
exercise (Jenkins et al. 2008; Black et al. 2015; Gonglach
et al. 2016). Astorino et al. (2011) similarly determined that
caffeine improved exercise performance during two sets of
40 repetitions of isokinetic knee extensions and flexions but
did not change the RPE or pain perceptions in the leg. It
has been proposed that during high-intensity exercise, the
nociceptive inputs required to produce severe muscle pain
may be too greater for antagonism of adenosine receptors
alone to induce hypoalgesia (Black et al. 2015; Gonglach
et al. 2016). Another possible explanation for improving
FR and increasing power output in the first 90 s during the
3MT might be the reduction in force sensation. Plaskett
and Cafarelli (2001) found that caffeine diminished force
sensation at the onset of sustained submaximal contrac-
tions, which indicates that the participants were either more
willing or motivated to tolerate discomfort or felt less dis-
comfort during the early period of exercise. Therefore, caf-
feine ingestion may improve performance in the absence of
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altering EP by allowing individuals to pace their work rate
at a value closer to EP while keeping muscle pain and RPE
at a manageable level.

Another explanation for the improvements in WEP and
FR might be related to the alterations in muscle strength
and voluntary muscle activation after caffeine administra-
tion. Results from a meta-analysis study of Warren et al.
(2010) suggested that caffeine ingestion can enhance motor
unit recruitment during a maximal voluntary isometric con-
traction, thus increasing the muscular strength. Previous
studies (Kalmar and Cafarelli 1999; Plaskett and Cafarelli
2001; Bazzucchi et al. 2011) found that 6 mg kg~! of
caffeine significantly increased muscle activation and
force generation during maximal voluntary contractions.
A recent study (Black et al. 2015) also indicated that the
augmented muscular strength and motor unit recruitment,
rather than reductions in pain and effort, might contribute
to the effects of caffeine on heavy and severe cycling exer-
cise performance. Although the present study did not meas-
ure the muscle strength and motor unit recruitment, both
mechanisms may explain the ergogenic effects of caffeine
on WEP and FR during high-intensity anaerobic exercise.

This study found that caffeine ingestion slightly
increased mean power output and total work with non-
significant differences between the conditions. Although
WEP was improved by caffeine intake, two participants
decreased their total work under the CAF condition (non-
responders). However, there were also no significant differ-
ences in total work (n = 13, +0.9 %, P > 0.05) and mean
power output (n = 13, +1.0 %, P > 0.05) between the
conditions when excluding nonresponder data. These find-
ings were similar to those of Santos et al. (2013), which
revealed that caffeine ingestion improved the power output
performance in the middle of 4000-m cycling time trial
without changes in total work (43.8 %, P > 0.05). Our pre-
vious study (Lee et al. 2012) reported that both mean power
output and total work at second set were significantly lower
than those at first set during the intermittent cycling sprint
exercise. As mentioned previously, the changes in force
sensation caused by caffeine intake might have altered the
pacing strategy at the early period of 3MT, thus influencing
the total work performed. Nevertheless, further studies are
warranted to investigate the effects of caffeine ingestion on
total work performance during high-intensity exercise last-
ing more than 3 min.

The results suggested that, 1 h after caffeine ingestion,
the resting values of plasma [K'] decreased significantly.
However, caffeine had no effect on plasma [K*] after the
3MT. This decrease in plasma [K'] may be related to
increased activity of the Nat/K™ ATPase pumps (Davis and
Green 2009; Astorino and Roberson 2010). Therefore, caf-
feine may enhance performance by a decrease in plasma
[K*] and maintenance of the resting membrane potential
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of muscle cells (Lindinger et al. 1993; Crowe et al. 2006;
Simmonds et al. 2010; Mohr et al. 2011). Previous studies
have exhibited similar results: caffeine ingestion substan-
tially decreased plasma [K*] at rest (Lindinger et al. 1993;
Crowe et al. 2006) and after low-intensity warm-ups (Sim-
monds et al. 2010; Mohr et al. 2011). Although Lindinger
et al. (1993) determined that caffeine clearly lowered
plasma [K*] both during and after prolonged endurance
exercises, more studies have found that caffeine has no
effect on plasma [K™] after exercise, including short-term
supramaximal cycling (Simmonds et al. 2010), the repeated
Wingate exercise (Greer et al. 1998; Crowe et al. 2006), and
the Yo—Yo intermittent recovery test (Mohr et al. 2011); our
findings are consistent with these studies. Therefore, caf-
feine ingestion may not prevent an increase in plasma [K™]
during short-term, high-intensity exercises. Mohr et al.
(2011) asked participants to perform three sets of intense
one-legged knee-extensor exercises with 5-min rest inter-
vals after caffeine ingestion and determined that caffeine
substantially lowered plasma [K™] after the first set of exer-
cises but had no effect on plasma [K™] after the subsequent
two sets of exercises. However, caffeine did substantially
decrease the muscle interstitial [K™] after each set of exer-
cises, which indicates that, when examining the effect of
caffeine on [K'] in short-term, high-intensity exercises, the
plasma [K*] may not reflect the accumulation of muscle
interstitial K'. Therefore, additional studies are required
to examine the effect of caffeine on muscle interstitial K+
during short-term, high-intensity exercises to clarify the
effect of caffeine on the activity of Na™/K™ ATPase pumps.

Conclusions

The study results suggested that caffeine ingestion in well-
trained athletes did not alter EP as determined by the 3MT
but increased WEP. In addition, caffeine could prevent a
rise in the values of resting plasma [K'], thereby improv-
ing anaerobic capacity and delaying the decline in power
output during short-term, high-intensity exercises. These
findings can be of considerable practical value to exercise
physiologists, sports scientists, and clinicians who wish to
estimate an athlete’s CP using the 3MT. The ingestion of
6 mg kg~! of caffeine will not affect the estimation of EP
but may interfere with the estimation of WEP. Furthermore,
caffeine ingestion can improve an athlete’s performance
during severe-intensity exercises, which may be related to
the ability of caffeine to increase exercise tolerance, mus-
cle strength, and/or motor unit recruitment. However, the
actual mechanism underlying caffeine’s ergogenic benefits
during short-term, high-intensity exercises (i.e., increased
Na*/Kt ATPase pump activity leading to changes in [K™]
in plasma and muscle) requires further study.
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