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ABSTRACT

KEYWORDS

The present study investigates the eﬀect of an acute intake of caﬀeine on the diurnal variation of
neuromuscular performance in resistance-trained women. A total of 15 resistance-trained women
participated in the current triple-blind, placebo-controlled, crossover experimental study. We
assessed neuromuscular performance (i.e. ballistic (countermovement jump [CMJ] height and
bench press throw [BPT] peak velocity), maximal strength (squat and bench press [BP] onerepetition maximum [1RM]), and strength-endurance [average velocity of the set during squat
and number of repetitions-to-failure in BP]) four times at within 7 days. The participants
ingested an acute dose of caﬀeine (3 mg/kg) or a placebo at 9–11 am and/or 17–19 pm. CMJ
height (P = .016) and BP peak velocity (P = .012) were higher in the afternoon than in the
morning. Compared to placebo, caﬀeine intake increased CMJ height by 3.1% in the morning
and 1.6% in the afternoon (P = .035), but it had no eﬀect on BPT peak velocity (P = .381).
Maximal strength and strength-endurance performances were not aﬀected by the time-of-day
or caﬀeine intake (all P > .3). No signiﬁcant interaction (time-of-day x substance) was observed in
any of the above-mentioned outcomes (all P > .1). In conclusion, an acute dose of caﬀeine in
the morning was eﬀective to restore CMJ performance to levels found in the afternoon, while
this eﬀect was not observed neither in BPTpeak velocity nor in lower- and upper-body maximal
strength and strength-endurance performance. Moreover, lower- and upper-body ballistic
performance were greater in the afternoon than in the morning in resistance-trained women,
while the acute intake of caﬀeine was only eﬀective to increase CMJ height.

Musculoskeletal; resistance;
strength; training;
physiology

Highlights
. Ballistic performance is probably higher in the afternoon than in the morning in resistancetrained women.
. An acute intake of caﬀeine is eﬀective to increase countermovement jump performance.
. The ingestion of an acute dose of caﬀeine in the morning restored countermovement jump
performance to levels found in the afternoon.

Introduction
Neuromuscular performance and speciﬁcally, the ability
to generate strength and power during complex motor
skills (e.g. throwing, lifting, jumping or running) is of
paramount importance to successful athletic performance (Cormie, McGuigan, & Newton, 2011; Suchomel,
Nimphius, & Stone, 2016). Researchers have previously
demonstrated that stronger athletes have the ability to
generate more forces and also more rapidly than their
weaker counterparts, resulting in a superior sport
CONTACT Francisco J. Amaro-Gahete
© 2022 European College of Sport Science
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performance (Suchomel et al., 2016). There is evidence
that neuromuscular performance is reduced in the
morning compared to the afternoon and evening independently of the status of training (Sedliak, Finni,
Cheng, Haikarainen, & Häkkinen, 2008; Souissi et al.,
2010) especially in short-term sports events which
involve complex motor tasks (Atkinson & Speirs, 1998;
Jasper, Häußler, Baur, Marquardt, & Hermsdörfer, 2009).
The eﬀect of the circadian rhythm on neuromuscular
performance has been attributed to several physiological factors such as body temperature, hormonal status,
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muscle buﬀering capacity, phosphagen metabolism, or
actin–myosin cross bridging processes (Atkinson &
Reilly, 1996; Hayes, Bickerstaﬀ, & Baker, 2010).
However, most of the previous studies have solely
described the eﬀects, not exogenously manipulating
their conditioning factors (e.g. using ergogenic aids) to
determine variations in neuromuscular performance.
The removal of caﬀeine from the prohibited list of the
World Anti-Doping Agency in 2004 has led to a progressive increase of its use as an ergogenic substance aiming to
enhance sport performance for athletes involved in resistance training (Grgic, Mikulic, Schoenfeld, Bishop, &
Pedisic, 2019). Caﬀeine is an adenosine receptor inhibitor
with capacity to counteract central nervous system
fatigue (Davis et al., 2003; Warren, Park, Maresca, Mckibans, & Millard-Staﬀord, 2010a). It acts as an inhibitor of
phosphodiesterase actions increasing calcium mobilization from the sarcoplasmic reticulum (Davis et al., 2003;
Warren, Park, Maresca, Mckibans, & Millard-Staﬀord,
2010b). Moreover, these ergogenic eﬀects could be also
explained by its derived cortical activation and manipulation eﬀects (Franco-Alvarenga et al., 2019). Given that
strength and power development are inﬂuenced by
neural and muscular factors which connect at the neuromuscular junction (Cormie et al., 2011), researchers have
evidenced an improvement of sprint performance (Astorino & Roberson, 2010; Schneiker, Bishop, Dawson, &
Hackett, 2006) and a better response to fatigue originated
during strength-endurance exercises due to an acute dose
of caﬀeine ingestion in trained athletes (Astorino, Martin,
Schachtsiek, Wong, & Ng, 2011), while no eﬀect was
observed in the one-repetition maximum (1RM) (Williams,
Cribb, Cooke, & Hayes, 2008).
It has been suggested that caﬀeine ingestion (3–
9 mg/kg) could be an eﬀective ergogenic aid to counteract the observed diurnal variation in neuromuscular performance (Boyett et al., 2016; Cruz et al., 2015). In this
regard, Mora et al. (Mora-Rodríguez, Pallarés, LópezSamanes, Ortega, & Fernández-Elías, 2012) concluded
that an acute dose of caﬀeine (i.e. 3 mg/kg) can attenuate the diurnal variation decrement observed in the
morning of neuromuscular power and maximum
dynamic strength in male athletes. However, this study
was conducted solely in resistance-trained men and,
therefore, it is still unknown whether these ﬁndings
may be applied to female athletes. Given the increased
interest in understanding women’ sport physiology
and performance during the last decades and the
scarce of well-designed studies addressing this research
question, it is of scientiﬁc and practical interest to know
whether the use of caﬀeine may reverse the hypothetical
time-of-day variation in neuromuscular performance in
female athletes. Therefore, the present study

investigates the eﬀect of an acute intake of caﬀeine on
the diurnal variation of neuromuscular performance in
resistance-trained women. We hypothesize that 3 mg/
kg of caﬀeine (i) will increase neuromuscular performance independently of the time-of-day, and (ii) will
promote similar neuromuscular performance in the
morning when compared to the afternoon without the
ingestion of caﬀeine.

Methods
Participants
Fifteen resistance-trained women (aged 25.1 ± 4.3 years)
were involved in the present study. Participants
inclusion criteria were as follow: (i) body mass index
from 18.5–30 kg/m2, (ii) no acute or chronic disease
that could be potentially aggravated by resistance exercises, (iii) no drug or supplements consumption during
at least 4 weeks preceding the study onset, (iv) not to
be pregnant, (v) previous experience in resistance training (i.e. at least 1 year with a frequency of two or more
training sessions per week), (vi) no musculoskeletal injuries during the 4 weeks preceding the study onset, and
(v) to have habitual intake of caﬀeine (>2 mg/kg body
mass/day). The participants were asked to provide oral
and written informed consent and the study’ procedures
met the latest revised Declaration of Helsinki (2013). The
current project was approved by the University of
Granada Research Ethics Committee (N° 2122/CEIH/
2021).

Experimental design
The present triple-blind, placebo-controlled, crossover
experimental design included an assessment of neuromuscular performance in four diﬀerent time points separated by 48–72 h (Figure 1). The triple-blinding design
was implemented as following: (i) an independent
third researcher (out of the present study) prepared
two identical bottles with caﬀeine and placebo, respectively, precluding the identiﬁcation of the substance by
either participants or researchers (bottles were named
condition 1 or condition 2); (ii) none of the research
staﬀ involved in the experimental procedures knew
whether bottle 1 or 2 corresponded to caﬀeine or
placebo, neither did the participants; (iii) during statistical analyses, no one of the research staﬀ members were
aware of the content of conditions 1 and 2, except LJF,
who did not built the set of results (i.e. data analysis
was also blinded); (iv) only when all the statistical analyses were performed and ended by LRG and FAG, the
content of bottles 1 and 2 was unveiled.
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Figure 1. Study procedures. Abbreviations: DXA; dual energy X-ray absorptiometry test.

Caﬀeine intake

Study procedures

Participants consumed either 3 mg/kg of anhydrous
caﬀeine powder (Harrison Sport Nutrition (HSN)
Store®, Granada, Spain) (Maughan et al., 2018) or a
placebo composed of 100% pure microcrystalline cellulose (Acofarma®, Madrid, Spain) 30 min before the
assessment of neuromuscular performance. Of note is
that both substances were odourless, unﬂavoured
and uncoloured. This dosage was selected based on
the nutrition position standing (Maughan et al.,
2018). Both substances (i.e. caﬀeine and placebo)
were dissolved in 300 mL of water and subsequently
oﬀered to the participants in an indistinguishable
and opaque recipient.
The present project was conducted between March
and June 2021. Measurements were performed
between 9 and 11 am (providing countermovement
jump (CMJ) height-morning, bench press throw (BPT)
peak
velocity-morning,
squat
one-repetition
maximum (1RM)-morning, BP 1RM-morning, the
average velocity of the set in the squat-morning, and
number of repetitions-to-failure in BP-morning), and
between 17 and 19 pm (providing CMJ height-afternoon, BPT peak velocity-afternoon, squat 1RM- afternoon, BP 1RM- afternoon, the average velocity of the
set in the squat- afternoon, and number of repetitions-to-failure in BP- afternoon). We randomized
with a MS Excel function for Windows® the order in (i)
the administration of caﬀeine or placebo, and (ii) the
time of the day when the neuromuscular performance
test was performed.

Before the ﬁrst neuromuscular performance trial (Day 0),
the participants’ body mass and height were assessed
using a validated scale and stadiometer (Seca-977,
Hamburg, Germany) barefoot and wearing light clothing.
Afterward, the body mass index was calculated (i.e. body
mass divided by height^2). The participants’ body mass
obtained from this assessment was used to determine
caﬀeine/placebo dose for the entire experiment. Body
composition was measured by dual-energy X-ray absorptiometry (Hologic Discovery Wii, Bedford, MA, USA)
obtaining lean and fat mass (kg). The HÖME questionnaire was additionally fulﬁlled by the participants to
deﬁne their chronotype categorizing them as deﬁnite
morning type (score range 70–86), moderate morning
type (score range 59–69), neither type (score range 42–
58), moderate evening type (score range 31–41) and
deﬁnite evening type (score range 16–30) (Horne &
Ostberg, 1976). Moreover, we provided the following
instructions: (i) to refrain from moderate or vigorous
physical activity 48 h before testing days, (ii) to follow a
personalized and standardized isocaloric diet (i.e. 50%
carbohydrate, 30% fat and 20% protein) during the 24 h
before testing days maintaining the same meal order,
and (iii) fasting for 3 h before the beginning of the
testing sessions. The research staﬀ checked the compliance with the above-mentioned instructions by selfreported dietary and physical activity records.
During the four testing days, the participants
ingested a personalized dose of caﬀeine (i.e. 3 mg/kg)
or placebo 30 min before the beginning of the testing
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sessions. All sessions started with a standardized warmup (Janicijevic et al., 2021) structured as: (i) 5 min
jogging at a self-selected pace (i.e. low to moderate
intensity), (ii) dynamic stretching, (iii) 10 air-squats, and
(iv) 10 push-ups. Thereafter, neuromuscular performance of the lower and upper body was assessed including ballistic performance during the CMJ and BPT,
maximal dynamic strength of the squat and BP, and
strength-endurance performance for the squat and BP
following a sequential order in all cases.

Ballistic performance
The ballistic performance of the lower-body was determined using a standardized protocol to test the CMJ
height (Pueo, Penichet-Tomas, & Jimenez-Olmedo,
2020). Brieﬂy, participants performed a countermovement until a self-selected depth with the hands holding
on the hips and thereafter, they were instructed to jump
as high as possible and to land in complete extension of
hips, knee and ankle joints. After three submaximal
CMJs (i.e. speciﬁc warm-up), ﬁve maximal CMJs were registered (1 min rest between attempts) with a previously validated jump mat system (Chronojump-Boscosystem,
Barcelona, Spain) (Pueo et al., 2020). The average value
of the best four CMJs were used for statistical analyses.
Feedback about the CMJ height was given to the participants by the research staﬀ immediately after each trial.
The ballistic performance of the upper-body was
determined in the BPT exercise using an unloaded
barbell (17 kg) of a Smith Machine (Fﬁttech, Taiwan,
China). The peak velocity was recorded by a linear velocity transducer (T-Force System, Ergotech, Murcia,
Spain) which was attached vertically to the barbell.
After three submaximal BPTs (i.e. speciﬁc warm-up),
the participants were instructed to perform ﬁve
maximal BPTs separated by 1 min of rest. The average
value of the peak velocity of the best four BPTs were
used for statistical analyses. Feedback about the BPT velocity performance was provided to the participants by
the research staﬀ immediately after each trial.

Maximal dynamic strength
The maximal dynamic strength of the lower- and upperbody were estimated for the squat and BP exercises,
respectively. The corresponding 1RM (i.e. maximal
dynamic strength) was estimated from the individualized load-velocity relationship through an incrementing
loading test performed in a Smith Machine (FFittech,
Taiwan, China). The initial load was set to 20 kg and it
was progressively increased applying increments from
20 to 5 kg until the mean velocity of the barbell was

lower than 0.60 m/s in the squat exercise and 0.50 m/s
in the bench press exercise. Participants performed
two repetitions when the mean velocity of the barbell
was above 1 m/s, and only one repetition when the
mean velocity was below 1 m/s. The rest between the
trials with diﬀerent loads was set to 3 min. The participants were always asked to lift the barbell as fast as possible and the mean velocity was recorded with a linear
velocity transducer (T-Force System, Ergotech, Murcia,
Spain). The mean velocity recorded at all the loads
lifted during the incremental loading test were used to
estimate the 1RM from the individualized load-velocity
relationships modelled by a linear regression model as
the load associated with a mean velocity of 0.30 m/s in
the squat and 0.17 m/s in the BP (Banyard, Nosaka,
Vernon, & Haﬀ, 2018; García-Ramos, Pestaña-Melero,
Pérez-Castilla, Rojas, & Gregory Haﬀ, 2018).

Strength-endurance performance
Strength-endurance performance was determined by
the average mean velocity of a set of eight repetitions
performed at 70% of the estimated 1RM in the squat
exercise (i.e. using a linear velocity transducer [T-Force
System, Ergotech, Murcia, Spain]) and by the number
of repetitions performed to failure at 70% of the estimated 1RM in the BP exercise. The 70% 1RM load was
based on the 1RM estimated in the ﬁrst testing session
and the same absolute loads were used in subsequent
testing sessions. A rest of 10 min was set between
tests. Participants were asked to perform all repetitions
as fast as possible. Importantly, repetitions to failure
were not used as an indicator of strength-endurance
performance in the squat exercise because participants
were unfamiliar with repetitions to failure in the squat
exercise but not in the BP.

Statistical analysis
Sample size and power calculations were determined
based on the results of a previous study (Mora-Rodríguez et al., 2012). A total of 12 participants would be
needed to establishes statistical diﬀerences between
conditions (placebo vs. caﬀeine or morning vs. afternoon) in CMJ and BPT peak velocity (∼5%) (80% statistical power; α = 0.05). Assuming that study has a crossover design (i.e. each participant serves as its own
control) the minimum of participants required was n =
12. Assuming a maximum drop-out of 25%, we
decided to recruit 15 participants. Statistical analyses
of the present study were performed using the SPSS
v.22.0 package (IBM Corporation, Pittsburgh, PA, USA)
in a blinded manner. The normality of all outcomes
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was checked using visual check histograms, Q-Q plots,
and Shapiro–Wilk tests. Since all study variables presented a normal distribution, we used parametric tests
to determine diﬀerences between experimental conditions. A two-way repeated-measures analysis of variance (ANOVA) (time-of-day x substance) was used to
compare raw values of ballistic performance (i.e. CMJ
height and BPT peak velocity), maximal dynamic
strength (i.e. squat 1RM and BP 1RM), and strengthendurance performance (i.e. the average velocity of
eight repetitions in the squat at 70% of 1RM and the
number of repetitions-to-failure at 70% of 1RM in BP).
Bonferroni post hoc analyses were implemented when
a signiﬁcant F value was obtained to deﬁne pairwise
diﬀerences. Subsequent analyses were performed controlling for age, chronotype, body composition (i.e.
lean mass and fat mass), daily caﬀeine intake and usual
training time. Levels of signiﬁcance were set at P < .05.
Graphs were built using GraphPad Prism 5 (GraphPad
Software, San Diego, CA, USA).

Results
Descriptive characteristics of the study’s participants can
be found in Table 1. The chronotype was predominantly
undeﬁned (i.e. n = 11 neither type). Out of the ﬁfteen
participants in the study, six (40%) correctly identiﬁed
placebo and caﬀeine in morning condition while eight
(53.3%) correctly identiﬁed placebo and caﬀeine in the
afternoon condition. Table 2 shows ballistic performance, maximal dynamic strength and strength-endurance performance variations in the morning and in the
afternoon after ingestion of caﬀeine or placebo.
No signiﬁcant interaction (time-of-day x substance)
was observed in both CMJ height and BPT peak velocity
(all P > .38; Figure 2(A and B), and Figure 3(A and B),
respectively). We observed a time-of-day signiﬁcant

Table 1. Characteristics of the study subjects (n = 15).
Age (years)
Body mass (kg)
Height (m)
Body mass index (kg/m2)
Fat mass (%)
Lean mass (kg)
Daily caﬀeine intake (mg)
Usual training time
Morning
Afternoon
Both (i.e. morning and afternoon)
HÖME questionnaire score
Deﬁnitive evening type (n [%])
Moderate evening type (n [%])
Neither type (n [%])
Moderate morning type (n [%])
Deﬁnite morning type (n [%])

25.1
62.8
165.0
23.0
29.9
41.4
121.4

±
±
±
±
±
±
±

5 [33.3]
6 [40.0]
4 [26.7]
1 [6.7]
1 [6.7]
11 [73.3]
2 [13.3]
0 [0.0]

Values expressed as means ± standard deviation otherwise stated.

4.3
9.5
6.3
2.9
11.5
5.0
82.5
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eﬀect on CMJ height and BPT peak velocity (all P < .02),
with these values always higher (ranging from 2.2–
3.7% for CMJ height and 1.7–2.4% for BPT peak velocity)
in the afternoon than in the morning. Compared to
placebo, caﬀeine intake increased CMJ by 3.1% in the
morning (26.8 ± 4.7 vs. 27.6 ± 5.1 cm, respectively), and
by 1.6% in the afternoon (27.7 ± 4.8 vs. 28.2 ± 5.6 cm,
respectively) (P = .035; Figure 2(A and B)), while no signiﬁcant changes in BPT peak velocity in response to
caﬀeine ingestion was noted compared to placebo
neither in the morning (1.67 ± 0.34 vs. 1.65 ± 0.34 m/s,
respectively) nor in the afternoon (1.70 ± 0.37 vs. 1.69
± 0.36 m/s, respectively) (P = .381; Figure 3(A and B)).
There was no signiﬁcant interaction (time-of-day x
substance) in both squat and BP 1RM (all P = .65 Figure
2(C and D), and Figure 3(C and D), respectively).No signiﬁcant time-of-day eﬀect was noted on squat and BP
1RM (all P > .66). Similarly, caﬀeine intake did not signiﬁcantly change squat and BP estimated 1RM compared to
placebo neither in the morning (72.0 ± 10.6 vs. 71.2 ±
13.6 kg for squat, and 43.6 ± 10.6 vs. 43.1 ± 9.6 kg for
BP, respectively), nor in the afternoon (71.2 ± 12.1 vs.
71.1 ± 12.6 kg for squat, and 43.6 ± 9.9 vs. 43.4 ±
10.0 kg for BP, respectively) (all P = .48; Figure 2(C and
D), and Figure 3(C and D), respectively).
No signiﬁcant interaction (time-of-day x substance)
was noted in both the for average velocity of the set
and the number of repetitions-to-failure at 70% of 1RM
in BP (all P = .17; Figure 2(E and F), and Figure 3(E and
F), respectively). We did not detect a time-of-day signiﬁcant eﬀect neither in the average velocity of eight repetitions in the squat nor in the number of repetitionsto-failure in BP (both P = .37). In comparison to
placebo, caﬀeine intake did not signiﬁcantly alter the
average velocity of eight repetitions in the squat nor
the number of repetitions-to-failure in BP neither in
the morning (0.53 ± 0.07 vs. 0.57 ± 0.08 m/s for the
average velocity of the set in the squat and 16.0 ± 4.7
vs. 16.1 ± 4.3 repetitions for the number of repetitionsto-failure at 70% of 1RM in BP, respectively), nor in the
afternoon (0.55 ± 0.08 vs. 0.54 ± 0.08 m/s for the
average velocity of the set in squat and 16.6 ± 5.1 vs.
16.7 ± 4.0 repetitions for the number of repetitions-tofailure at 70% of 1RM in BP, respectively) (all P = .38;
Figure 2(E and F), and Figure 3(E and F), respectively).
The results persisted after controlling for age, chronotype, lean mass, fat mass, daily caﬀeine intake and
usual training time in all cases (data not shown).

Discussion
The current study aimed to determine the potential
interaction between the time of the day (i.e. morning
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Table 2. Lower-body and upper-body ballistic performance (i.e. countermovement jump [CMJ] height and bench press throw [BPT] peak velocity), maximal dynamic strength (i.e.
estimated squat and BP one-repetition maximum [1RM]) and strength-endurance performance (i.e. average velocity of eight repetitions [AV-8R] at 70% of estimated 1RM in the
squat and repetitions to failure at 70% [RtF-70% of estimated 1RM in the BP]) in the morning and in the afternoon after ingestion of caﬀeine or placebo.
Morn-Caﬀ
Mean ± SD

Morn-Pla
Mean ± SD

Aft-Caﬀ Mean
± SD

Aft-Pla Mean
± SD

Morn-Caﬀ vs. Morn-Pla
ΔMean ± SD (D Cohen)

CMJ height (cm)

27.59 ± 5.06

26.75 ± 4.66

28.2 ± 5.65

27.74 ± 4.81

0.84 ± 0.4 (0.17)

BPT peak velocity
(m/s)
Squat 1RM (kg)

1.67 ± 0.34

1.65 ± 0.34

1.70 ± 0.37

1.69 ± 0.37

0.02 ± 0.00 (0.06)

72.01 ± 10.62

71.17 ± 13.58

71.05 ± 12.57

71.17 ± 12.18

0.84±−2.96 (0.07)

BP 1RM (kg)

43.06 ± 9.57

43.63 ± 10.61

43.40 ± 10.00

43.58 ± 9.85

−0.57±−1.04 (0.06)

0.56 ± 0.08

0.53 ± 0.07

0.54 ± 0.08

0.55 ± 0.08

0.03 ± 0.01 (0.4)

16.13 ± 4.32

16.00 ± 4.68

16.67 ± 3.99

16.60 ± 5.12

AV-8R at 70% of
1RM in the squat
(m/s)
RtF-70% of
estimated 1RM
in the BP

0.13±−0.36 (0.03)

Abbreviations: Morn, Morning; Caﬀ, Caﬀeine; Aft, Afternoon; Pla, Placebo. Eﬀect size expressed as D Cohen.

Morn-Caﬀ vs. AftCaﬀ ΔMean ± SD
(D Cohen)

Morn-Caﬀ vs. AftPla ΔMean ± SD
(D Cohen)

Morn-Pla vs. AftCaﬀ ΔMean ± SD
(D Cohen)

Morn-Pla vs. AftPla ΔMean ± SD
(D Cohen)

Aft-Caﬀ vs. AftPla ΔMean ± SD
(D Cohen)

-0.61±−0.59
(0.11)
−0.03±−0.03
(0.08)
0.96±−1.95
(0.08)
−0.34±−0.43
(0.04)
0.02 ± 0.00 (0.25)

−0.15 ± 0.25
(0.03)
−0.02±−0.03
(0.06)
0.84±−1.56
(0.07)
−0.52±−0.28
(0.05)
0.01 ± 0.00 (0.13)

−1.45±−0.99
(0.28)
−0.05±−0.03
(0.14)
0.12 ± 1.01 (0.01)

−0.99±−0.15
(0.21)
−0.04±−0.03
(0.03)
0.00 ± 1.4 (0.00)

0.23 ± 0.61 (0.02)

0.05 ± 0.76 (0.01)

−0.01±−0.01
(0.13)

−0.02±−0.01
(0.27)

0.46 ± 0.84
(0.09)
0.01 ± 0.00
(0.11)
−0.12 ± 0.39
(0.01)
−0.18 ± 0.15
(0.02)
−0.01 ± 0.00
(0.13)

−0.54 ± 0.33
(0.13)

−0.47±−0.8
(0.10)

−0.67 ± 0.69
(0.15)

−0.6±−0.44
(0.12)

0.07±−1.13
(0.02)
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Figure 2. Lower-body ballistic performance (i.e. countermovement jump [CMJ] height), maximal dynamic strength (i.e. estimated
squat one-repetition maximum [1RM]) and strength-endurance performance (i.e. average velocity of eight repetitions [AV-8R] at
70% of estimated 1RM in the squat) in the morning and in the afternoon after ingestion of caﬀeine or placebo. Panel A: Individual
observations for each subject (grey lines), and the mean for all subjects (black line). Panel B: Individual observations for each subject
(black dots), standard deviation and minimum/maximum values (box-and-whisker plots), and the P value obtained by two-way analysis of variance (ANOVA). Similar letters (i.e. a-a; b-b, etc.) indicate signiﬁcant post hoc diﬀerences after the comparison between
conditions.

8

L. ROBLES-GONZÁLEZ ET AL.

Figure 3. Upper-body ballistic performance (i.e. bench press throw [BPT] peak velocity), maximal dynamic strength (i.e. estimated BP
one-repetition maximum [1RM]) and strength-endurance performance (i.e. repetitions to failure at 70% [RtF-70% of estimated 1RM in
the BP) observed in the morning, and in the afternoon, after ingestion of caﬀeine or the placebo. Panel A: Individual observations for
each subject (grey lines), and the mean for all subjects (black line). Panel B: Individual observations for each subject (black dots), standard deviation and minimum/maximum values (box-and-whisker plots), and the P value obtained by two-way analysis of variance
(ANOVA).
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vs. afternoon) and caﬀeine intake on lower- and upperbody neuromuscular performance (i.e. ballistic performance, maximal dynamic strength and strength-endurance performance) in resistance-trained women. The
present ﬁndings indicate that an acute dose of caﬀeine
ingested in the morning restored CMJ performance to
levels found in the afternoon. Interestingly, we also
ﬁnd that ballistic performance of the lower- and
upper-body (measured by CMJ height and BPT peak velocity) are higher in the afternoon and that caﬀeine
ingestion could be used to enhance CMJ performance
independently of the time-of-day. Neither diurnal variation or caﬀeine intake aﬀected maximal dynamic
strength and strength-endurance performance in our
study’s cohort.
A diurnal variation exists in muscular strength, with
higher values in the afternoon-evening compared to
the morning in men (Gabriel, Soares, Nu, & Araujo,
2020; Knaier et al., 2019). Knaier et al. (Knaier et al.,
2019) reported greater values of CMJ height, isometric
and isokinetic upper, lower and trunk strength ranging
from 5 to 19% in the afternoon than in the morning.
Similarly, Giacomoni et al. (Giacomoni, Edwards, & Bambaeichi, 2005) and Guette et al. (Guette, Gondin, &
Martin, 2005) found diurnal changes of 10–12% in isokinetic and isometric lower-body strength, respectively,
while Gauthier et al. (Gauthier, Davenne, Martin, & Van
Hoecke, 2001) noted diﬀerences of up to 14% in
maximal isometric elbow ﬂexion. These diﬀerences
have been partially attributed to the diﬀerent physiological status observed during the 24 h of the day
(Gabriel et al., 2020). Firstly, it has been shown that
strength performance is related to body temperature
(Racinais, Blonc, Jonville, & Hue, 2005) since it is able
to modulate connective tissue extensibility, muscle contractile function, muscular viscosity, and action potentials’ conduction in skeletal muscle (Shephard, 1984).
Indeed, previous scientiﬁc evidence indicates that neuromuscular performance is enhanced from 2 to 5%
with an increment of 1° C in muscle temperature (Racinais & Oksa, 2010). However, although time-of-day
dependent variations in neuromuscular performance
seem to be dependent on body temperature, other
factors might additionally aﬀect such ﬂuctuations (Racinais & Oksa, 2010). Secondly, it has been reported that
an increased catecholamine peak in response to physical
exercise is observed in the afternoon than in the
morning (Drust, Waterhouse, Atkinson, Edwards, &
Reilly, 2005; Teo, Newton, & McGuigan, 2011) which
could also optimize the neuromuscular function.
Finally, it is well-known that an acute bout of exercise
produces a subsequent elevation of testosterone and
cortisol plasma levels modulating the anabolic/catabolic
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status in myocytes (Kraemer & Ratamess, 2005). Both
hormones present a circadian regulation peaking in
the morning (Piro, Fraioli, Sciarra, & Conti, 1973). In this
sense, a previous study found that an acute bout of
strength training-induced an increased cortisol response
during the morning than in the evening, with no diurnal
variations in testosterone concluding that a decreased
testosterone/cortisol ratio could promote an anabolic
environment in the evening hours, therefore, explaining
the increased neuromuscular performance (Bird & Tarpenning, 2004).
The above-mentioned ﬁndings are partially in contrast with those obtained in the present study, since,
although we observed a signiﬁcant enhancement of
CMJ height and BPT peak velocity performance (i.e.
ranging from 2 to 3%) in the afternoon, no diurnal variation was found in maximal dynamic strength and
strength-endurance performance. These diﬀerences
could be explained by various factors. First, the participants of the present study were resistance-trained
women while those recruited in previous works were
active and trained men (Giacomoni et al., 2005; Guette
et al., 2005; Knaier et al., 2019). The obvious diﬀerences
in hormonal proﬁle and metabolism between sex
could be a potential reason for these uncertain results
(Taipale & Häkkinen, 2013). For instance, we organized
the assessment of neuromuscular performance during
the luteal phase of the menstrual cycle in all cases,
which is characterized by an increased body temperature independently of the time-of-day when the tests
are performed leading to a generalized optimization of
neuromuscular performance (Cagnacci, Arangino,
Tuveri, Paoletti, & Volpe, 2002). Second, we used
diﬀerent methods for assessing neuromuscular performance (i.e. ballistic performance, maximal dynamic
strength, and strength-endurance performance) than
those selected by previous studies (e.g. isometric or isokinetic test) which could also provide an alternative
explanation about these controversial ﬁndings. Importantly, previous studies conducted in our laboratory
demonstrated an acceptable between-session reliability
of the diﬀerent dependent variables included in the
present study (i.e. CMJ height (Cuevas-Aburto et al.,
2020), BPT peak velocity (García-Ramos, Haﬀ, JiménezReyes, & Pérez-Castilla, 2018aa), BP and squat 1RM estimated from velocity recordings (Banyard, Nosaka, &
Haﬀ, 2017; García-Ramos, Haﬀ, Pestaña-Melero, et al.,
2018), mean velocity in squat (Pérez-Castilla, Boullosa,
& García-Ramos, 2021), and BP number of repetitions
to failure (Mann, Stoner, & Mayhew, 2012)), fact that supports the use of the selected outcomes.
Caﬀeine ingestion is currently considered an eﬀective
ergogenic aid to improve neuromuscular performance in

10

L. ROBLES-GONZÁLEZ ET AL.

trained men (Grgic, Trexler, Lazinica, & Pedisic, 2018).
Nevertheless, whether this ﬁnding applies to female athletes is relatively unknown since the majority of studies
in this area have been conducted in male individuals
and no generalization should be made considering the
numerous biological diﬀerences between sexes (Costello, Bieuzen, & Bleakley, 2014). Indeed, a recent metaanalysis concluded that no signiﬁcant diﬀerences in
lower-body neuromuscular performance exist between
placebo and caﬀeine ingestion in women, while a signiﬁcant ergogenic eﬀect of caﬀeine was informed in upperbody strength, attributing these ambiguous results to
the small number of studies conducted in women
(Grgic & Del Coso, 2021). These ﬁndings diﬀer in part
from those obtained in the present work, since we
only found a signiﬁcant positive inﬂuence of caﬀeine
ingestion on CMJ height compared to placebo, while
no diﬀerences were observed in maximal dynamic
strength, strength-endurance performance, or upperbody ballistic performance. Two reasons could explain
these controversies: (i) the method used to determine
1-RM performance (i.e. individualized load-velocity
relationship [used in our study] vs. traditional procedures (Grgic & Del Coso, 2021)), (ii) caﬀeine doses
(i.e. 3 mg/kg [used in our study] vs. 3–6 mg/kg (Grgic &
Del Coso, 2021)) provided before the strength tests,
and the fact that ∼45% of participants correctly identiﬁed placebo and caﬀeine with their respective consequences (it has been demonstrated that correct
identiﬁcation of caﬀeine improved performance while
the correct identiﬁcation of placebo led to performance
impairments) (Franco-Alvarenga et al., 2019). Further
studies are still required to clarify whether an acute
intake of caﬀeine is an eﬃcient strategy to enhance neuromuscular performance in resistance-trained women
and the optimum dosage for that purpose.
Mora-Rodríguez et al. performed an elegant study
assessing neuromuscular performance under three
diﬀerent experimental conditions: (i) morning with an
acute ingestion of caﬀeine, (ii) morning with an acute
ingestion of placebo, and (iii) afternoon with an acute
ingestion of placebo (Mora-Rodríguez et al., 2012). Interestingly, their data not only support the notion that
caﬀeine can be considered an ergogenic substance for
increasing neuromuscular performance in the morning,
but also that this aid consumed in the morning can
restore neuromuscular performance levels obtained in
the afternoon in men (Mora-Rodríguez et al., 2012).
These ﬁndings partially concurred with our results,
since we observed that an acute ingestion of caﬀeine
in the morning restored CMJ height to the levels
found in the afternoon. However, this compensation
did not occur either in the upper-body ballistic

performance or maximal dynamic strength and
strength-endurance performance. A potential explanation about these contrary ﬁndings could be that,
although the same dosage (i.e. 3 mg/kg) and similar
sample size (i.e. 12 vs. 15 participants) were used in
both studies, Mora-Rodriguez et al. recruited only male
athletes while resistance-trained women were considered in the present experiment. We, therefore, speculate that women may need a higher dose of caﬀeine (i.e.
6–9 mg/kg) to improve neuromuscular performance
based on their higher body adiposity (which would
delay caﬀeine absorption and metabolization), among
others facts. Moreover, as these ergogenic eﬀects
could be also explained by its derived cortical activation
and manipulation eﬀects (Franco-Alvarenga et al., 2019),
they would be diﬀerent between sexes. Finally, given
that important variation of caﬀeine metabolism have
been reported in diﬀerent phases of the menstrual
cycle (Nehlig, 2018), future studies conducted during
the follicular phase or during the ovulation are needed
to elucidate whether the present results (obtained
during the luteal phase) apply to other phases of the
menstrual cycle.
Despite the interesting and applicable results of the
present study, some limitations should be mentioned.
Firstly, due to logistic and economic reasons, we did
not assess body temperature and biochemical parameters (e.g. hormones concentrations) precluding any
conﬁrmation that these outcomes exert an important
role in the diurnal variation of neuromuscular performance. Moreover, the participants of our study were resistance-trained women and, therefore, our results cannot
be directly extended to athletes competing in other disciplines (e.g. football, basketball, volleyball, etc.) or
sedentary women. In addition, due to the relatively
small sample size, we were unable to elucidate
whether the diﬀerences between the testing conditions
are aﬀected by the usual training time. However, our
study also has important strengths: (i) it is a randomized,
triple-blinded, placebo-controlled, crossover trial, (ii) a
meticulous control of potential confounders (i.e.
fasting time, meal intake or physical activity levels the
day before test), and (iii) a well-phenotyped cohort of
trained women – a population in which this research
question has not been previously answered.

Conclusion
An acute dose of caﬀeine 30 min before a neuromuscular performance test enhanced ballistic performance of
the lower-body (i.e. CMJ height) in resistance-trained
women independently of the time-of-day. This ergogenic eﬀect was not observed either in maximal
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dynamic strength or strength-endurance performance.
The present results conﬁrm the existence of a diurnal
variation in ballistic performance in resistance-trained
women, with levels being higher in the afternoon than
in the morning. However, no diurnal variation eﬀect
was found in maximal dynamic strength and strengthendurance performance. Finally, our ﬁndings suggest
that caﬀeine ingestion in the morning may be an
eﬀective ergogenic aid to reverse morning reduction in
lower-body ballistic performance as a consequence of
circadian rhythms. Further studies are needed to wellelucidate whether a higher dose of caﬀeine ingestion
would induce diﬀerent eﬀects on neuromuscular performance in resistance-trained women.
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