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Abstract

Background: We investigated the effect of mental fatigue (MF) on artistic swimmers’
(AS) physiological and cognitive responses and physical and technical AS performance.
Methods: Twelve young female ASs completed a free team routine (FT) involving 4 × 4
min trials separated by a 2 min rest in two sessions a week apart. Pre- and post-FT, athletes
performed three “boosts” for vertical displacement and a 50 m maximum effort front crawl
swim. Before each session, a 30 min MF test (Stroop condition; SC) or an emotionally neutral
video (control condition; CC) were implemented in counterbalanced order. Choice reaction
time and central executive function tests were applied before and after the completion of
both conditions. Technical performance was evaluated by five official judges. Heart rate
was continuously recorded, whilst blood lactate was measured before the start and after
the second and fourth FT. Rating of perceived exertion (RPE) was recorded after each FT.
Results: Technical performance scores during FT were lower in SC than CC (6.82 ± 0.92 vs.
7.17 ± 0.69, p < 0.001, and d = 0.43). The choice reaction time was decreased by 3.4 ± 9.3%
in SC but increased 4.4 ± 8.1% in CC (p < 0.05). Central executive function was no different
between conditions despite a medium effect size in SC (d = 0.58). The “boost” height was
lower in SC compared to CC (70 ± 5 vs. 72 ± 5 cm, p < 0.05, and d = 0.45). Heart rate,
RPE, and 50 m time did not differ between conditions (p > 0.05), but blood lactate was
higher in the CC compared to SC (5.3 ± 2.6 vs. 4.6 ± 2.9 mmol/l, p < 0.05, and d = 0.25).
Conclusion: Mental fatigue may impair technical performance during FT, primarily via
cognitive dysfunction, with reduced glycolytic activation as a potential additional factor.

Keywords: blood lactate; cognitive function; fatigue; performance

1. Introduction
Artistic swimming (AS) is an esthetic sport that is judged on technical skill, body

positioning, synchronicity, and the artistic ability of choreographed movements in water
to music [1]. High levels of aerobic and anaerobic potential are important performance
determinants in artistic swimming [2]. Thus, training in AS routinely involves various
repeated high-intensity bouts lasting about 2–4 min that necessitate athletes learning and
delivering the choreographed and technical movements required in competition. With
regard to the free team (FT) particularly, the high cardiorespiratory and metabolic demands
and the increased requirements of synchronization suggest that performance is multifaced
and that competitive artistic swimmers should demonstrate, along with excellent physical
abilities, exceptional technical skills to achieve high performance during competition.
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Although the underlying mechanisms that contribute to performance decrement in
artistic swimming are still elusive, it is expected that fatigue in AS training and competition
may occur due to disturbances in local (i.e., muscles) and central (i.e., brain) factors.
Mental fatigue is a psychobiological state characterized by feelings of tiredness and a lack
of energy [3]. It has been shown that mental fatigue can negatively affect motivation,
attention, and the voluntary willingness to resist fatigue, and it is induced by prolonged
periods of demanding cognitive activity [4,5]. Several studies have already documented
that mental fatigue increases the development of fatigue in various sports, as it may impair
both the physical [3,6] and technical performance of the athletes [7–9]. In swimmers, mental
fatigue modestly impaired physical performance, slowing pacing relative to controls and
confirming its negative impact on the 1500 m swimming performance without affecting
heart rate variability, following a 30 min Stroop task [10].

Still, most studies have examined the effects of mental fatigue on the performance of
dry-land sports, whereas less evidence exists in aquatic sports [10], and no information is
currently available in AS. Artistic swimmers must accurately recall the details and tech-
nical execution of movements throughout the entire choreography, while simultaneously
maintaining synchronization with teammates and accompanying music. This demanding
process requires a high level of preparedness and substantial cognitive processing. Em-
pirical observations suggest that athletes may occasionally fail to recall specific segments
or even complete figures of their choreography, experiencing what is commonly referred
to as a “blackout,” which may be associated with mental fatigue. For this reason, artistic
swimmers were chosen as the study population rather than other aquatic athletes.

Namely, the extent to which the implementation of a prolonged mental task (i.e.,
Stroop test) does affect physiological and cognitive responses and impacts the performance
of AS athletes within a subsequent high-intensity choreography remains to be elucidated.
Therefore, the purpose of the present study was to assess the influence of mental fatigue on
artistic swimmers’ physiological and cognitive responses during the execution of 4 × 4 min
free team routine and to identify to what extent it affects both physical and technical aspects
of the performance. We hypothesized that, compared to a control condition, the prolonged
implementation of a mental task (i.e., Stroop test) prior to the execution of long-interval free
team bouts would impair athletes’ physiological and cognitive responses and deteriorate
both the physical and technical skills of the participants.

2. Materials and Methods
2.1. Participants

The study was carried out with the participation of twelve young female artistic
swimmers (age: 17.5 ± 3.7 years, body mass: 56.0 ± 8.0 kg, body stature: 164 ± 3.4 cm,
and training experience: 9.42 ± 3.69 years): eight at the highly trained/national level and
four at the elite/international level [11]. Eligibility required qualification for the National
Championship in the respective competitive categories, participation in five weekly training
sessions of approximately three hours each, and a minimum of three years of experience in
artistic swimming. In addition, participants were required to be free from recent injuries
and to not be under any medication treatment.

The parents/guardians of the artistic swimmers received written information about
the study’s aim and possible risks, and they signed an informed consent form. The
institutional review board at the School of Physical Education and Sport Science in the
National and Kapodistrian University of Athens approved the experimental procedures
(approval no: 1339/15-12-2021), which were in accordance with Helsinki declaration
involving human subjects.
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2.2. Experimental Overview

The participants completed two familiarization and two experimental sessions. In
the first familiarization session, participants performed the “Stroop test” as well as the
“Deary Liewald” and “Flanker” cognitive tests. In the second familiarization session, the
participants performed 3–4 repeated “boosts”, which is a specific artistic swimming action
requiring a rapid headfirst rise out of the water, and a 4 min “free-team” routine was
completed for heart rate (S610i; Polar Electro, Kempele, Finland) recordings assurance and
to familiarize participants with the equipment.

In the subsequent two sessions, athletes performed in a randomized and counterbal-
anced order the main experimental trials. Prior to each trial, participants were instructed to
sleep for at least 7 h, avoid any physical activity or mentally demanding tasks, and have
the same breakfast the day of the testing session. Each athlete was tested at the same time
of day in both conditions, between 10:00 and 14:00, a week apart. The participants were
unaware of any effect related to each experimental session.

2.3. Experimental Trials

During two experimental trials, performed in a randomized counterbalanced order,
all participants completed a Stroop test aiming to induce mental fatigue (Stroop condition;
SC) or watched a 30 min emotionally neutral documentary (control condition; CC). Before
the start and immediately after the Stroop test or the documentary, cognitive function
was assessed using a Deary–Liewald and Flanker cognitive tests. In particular, simple
and choice reaction time were assessed using the Deary–Liewald Reaction Time Task [12],
whereas inhibition and selective attention (central executive function) were assessed using
a modified version of the Eriksen Flanker task [13].

In both conditions, after completing the second cognitive test, the participants per-
formed a 15 min warm-up including 500 m of swimming, basic positions, transitions, and
special movements regularly used in artistic swimming. Following the completion of the
warm-up, participants completed a 4 min free team routine, which was repeated four times
with a 2 min passive rest in between (4 × 4 min routines). All FTs were performed in
groups consisting of three participants. Before and after the 4 × 4 min routine, participants
performed 3 “boosts” with a 15 s resting interval between repetitions aiming to reach the
highest possible body position. A 50 m front crawl swim of maximum effort was applied
immediately after completing the “boosts”.

The rating of perceived exertion (RPE) was indicated once after each of the 4 min
routines [14], and heart rate was recorded continuously during the 4 × 4 min routines
(s610i, Polar electro, Finland). Fingertip blood samples were collected at rest, after the
second, and after the fourth 4 min routine and analyzed for blood lactate concentration
(Lactate Scout +, SensLab GmbH, Leipzig, Germany). All testing sessions were performed
at a water temperature of 27 ◦C in an indoor 25 m length swimming pool.

2.3.1. Stroop Test

In the SC condition, participants were seated comfortably in a quiet room in front of a
laptop screen and used a mouse they regularly used and were accustomed with to complete
the Stroop test [15]. Participants were given the main instruction to respond correctly to as
many cards as possible for a period of 30 min and started after an observer signal. Each
card included 60 words printed in various colors (red, green, yellow, blue, orange, and
black) in a random order. The correct answer was the color the word was written and not
the meaning of the word, so the instruction was “Name of the colors of the following words
and do not read the words”. There was no option to correct previous answers. Two minutes
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before the end of the trial, an observer gave a sound alert for participants to complete the
task. At the period of 30 min exactly, they all had to press the submission key.

The 30 min incongruent Stroop test is a demanding task commonly used in
studies [9,10,16,17] to induce subjective feelings of mental fatigue, as it requires sustained
attention and response inhibition, aligning with the commands of many sports. Conse-
quently, athletes need to maintain a high level of alertness to prevent lapses in concentration
and avoid experiencing boredom.

2.3.2. Assessment of Free Team Routine Performance

To ensure high ecological setting, the 4 × 4 min routines were accompanied by music
and videotaped by two high-definition cameras (60 Hz, Casio Ex-F1, Tokyo, Japan), which
were located in elevated positions, having pool coverage on the opposite sides of the
swimming pool. Offline, the recorded 4 × 4 min routines were evaluated by five official
artistic swimming judges for the components of execution (execution, synchronization),
artistic impression (choreography, music interpretation, and manner of presentation), and
difficulty (movements and synchronization) on a scoring scale from 0 to 10 with increments
of 0.1, according to World Aquatics regulations. The total sums each athlete received were
judges’ average scores. The 4 × 4 min routines were the same in both SC and CC conditions.
All judges assessing the outcome measures were blinded to treatment.

2.3.3. Assessment of “Boost” Performance

Each “boost” (Figure 1) was recorded with a video camera placed vertically, 5 m away
in front of the athlete (60 Hz, Casio Ex-F1, Tokyo, Japan). The height of each boost was
calculated by 2 independent observers using a free available software (Kinovea 0.7.10). The
average of the three “boosts” performed before and after the 4 × 4 min routines was used
for the analysis.

 
 Water surface 

Figure 1. Boost with Eggbeater Kick and Double Arms at the highest point outside the water surface.

2.4. Statistical Analysis

Prior to main data analysis, preliminary testing of normality was conducted for all
measured variables (Kolmogorov–Smirnov test). Data analysis included the application of
two-way analyses of variance (2 × 2 ANOVA) for repeated measures (condition × time) to
examine potential differences between conditions and repetitions for performance in the
4 × 4 min routines, “boosts”, lactate concentrations, and RPEs, as well as cognitive tests’
variables, i.e., simple task, choice task, and Flanker effect. A Tukey post hoc test was used
to examine differences between repetitions when a significant interaction was observed.
Pearson correlation coefficient was used to calculate correlation between variables. More-
over, to investigate potential differences between SC and CC in 50 m front crawl test, a
paired sample T-test was computed. Effect size was calculated and was considered small
if the absolute value of Cohen’s d was less than 0.20, medium if it was between 0.20 and
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0.50, and large if it was greater than 0.80 [18]. Data were analyzed using SPSS software,
version 25. The significance level was set at p < 0.05.

3. Results
3.1. Team Performance in the 4 × 4 min Routine

The overall score achieved during the free team performance routines was lower in
SC compared to the CC condition (F1,11 = 20.419, p < 0.001). Regardless of the condition,
performance declined in the third and fourth compared to the first 4 min bout (F3,33 = 10.647,
p < 0.001), and it was higher in the CC compared to SC in each 4 min bout (F3,33 = 4.054,
p = 0.015, Figure 2).

 

Figure 2. Team performance of each 4 min routine in the experimental conditions. #: p < 0.05 between
conditions. The open white bars and gray bars indicate the Stroop (SC) and control (CC) conditions,
respectively. The dots indicate individual values.

3.2. Boost and 50 m Tests Performance

“Boost” height was lower in the SC compared to CC (70 ± 5 vs. 72 ± 5 cm, p = 0.031,
and d = 0.45). In addition, the boost height was lower at post compared to pre-routine
values, regardless of condition and without observing the interaction (SC, pre: 71 ± 6,
post: 69 ± 5 cm; CC, pre: 74 ± 5, post: 71 ± 5; and p = 0.031, d = 0.49). Nonetheless, the
50 m sprint time following the 4 × 4 min routine was similar between the CC and SC (CC:
38.96 ± 2.77 vs. SC: 39.05 ± 2.43 s, t11 = −0.451, and p = 0.661).

3.3. Psychophysiological Responses

Heart rate was similar between conditions, and no differences were observed among
bouts (p > 0.05, Table 1). Accordingly, the RPE was similar between conditions, but it was
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increased in the third and fourth compared to the first 4 min bout independent of the
condition (Table 1).

Table 1. Heart rate response and rating of perceived exertion (RPE) during the 4 × 4 min team
performance routine.

CC SC

TP 1 TP 2 TP 3 TP 4 TP 1 TP 2 TP 3 TP 4

Heart rate (b/min) 173 ± 6 175 ± 5 174 ± 5 174 ± 6 170 ± 10 172 ± 7 173 ± 7 172 ± 8
RPE 7.5 ± 0.7 8.0 ± 1.4 8.5 ± 1.1 8.5 ± 1.2 6.8 ± 1.0 7.5 ± 1.3 8.1 ±1.3 8.3 ± 1.6

TP: team performance, CC: control condition, and SC: Stroop condition.

Nonetheless, blood lactate was lower in the SC compared to CC (F1,11 = 6.629,
p = 0.026, and d = 0.25, Figure 3). Regardless of the condition, the blood lactate concentration
was higher following the second and the fourth bout compared to the pre-routine values.

Figure 3. Blood lactate concertation during the 4 × 4 min routine in the experimental conditions.
#: p < 0.05 between conditions.

3.4. Cognitive Tests

Both the Deary–Liewald and the Flanker cognitive tests were no different between
conditions (Table 2). However, an interaction was observed in the reaction time, as it was
expressed by the choice task, so that it was increased in the SC and decreased in the CC
(F1,11 = 8.167, p = 0.016, Table 2).

Table 2. Cognitive test values before and after the two experimental conditions.

CC SC

Pre Post Pre Post

Deary–Liewald test
Simple reaction time (ms) 295 ± 21.4 290.5 ± 30.3 288.1 ± 24.9 294.3 ± 33.8

Choice reaction time (ms) * 452.8 ± 53.2 431.4 ± 50.7 436 ± 55 450.5 ± 70

Eriksen Flanker task
Compatible reaction time

(ms) 627.9 ± 125 577.6 ± 100.5 # 616.6 ± 114.6 593.5 ± 117.8 #

Incompatible reaction time
(ms) 674.5 ± 189.6 625.6 ± 109.3 660.6 ± 146.5 602.6 ± 93.6

Flanker effect 46.6 ± 109.6 48 ± 46.1 44 ± 76 9.1 ± 43.9

*: p < 0.05, interaction between conditions and pre–post values. #: p < 0.05, pre–post effect independent of
condition.
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Moreover, the free team performance change from the first to the fourth bout was
correlated with the pre to post difference in incompatible and Flanker tests, indicating an
inhibitory effect on the central executive function (r = 0.508 and r = 0.486, respectively,
p < 0.05, Figure 4).

Figure 4. Correlation between % change in the first versus the fourth 4 min routine in team perfor-
mance 4 × 4 min routines with incompatible response differences between pre- and post-Stroop test.

4. Discussion
The present study investigated, in an ecological setting, the influence of mental fatigue

on artistic swimmers’ physiological responses during the execution of a 4 × 4 min free
team routine and examined to what extent it affects cognitive responses, as well as the
physical and technical aspects of the performance. The main findings are summarized as
follows: (i) Both free team routine scores and boost height were deteriorated by mental
fatigue; (ii) although blood lactate was lower in the mental fatigue condition, heart rate
and RPE values were similar between conditions; and (iii) choice reaction time (Deary test)
was increased and central executive function (Flanker test) was deteriorated following the
implementation of the mental fatigue task.

Free team routines in artistic swimming consist of elements artistically strung together
and choreographed to music [19]. Although both high physical abilities and technical skills
are required for performance in artistic swimming [19], the specific skills typically evaluated
by external judges during competition (i.e., synchronization, movements, choreography,
and music interpretation) might be considered mostly technical rather than physical. Ac-
cordingly, ref. [20] suggested that in-water jumping ability is likely more dependent on the
technical skills of an athlete.

In the present study, the implementation of a 30 min Stroop test prior to the execution
of a free team routine induced lower performance scores in free team routines and concomi-
tantly decreased the jumping height in a “boost test” compared to the control condition,
albeit the 50 m swim time was unaltered. With regard to technical skills, our findings are
consistent with previous reports from various sports and contexts indicating that technical
skills are negatively affected by mental fatigue [9,21]. For instance, ref. [9] reported that
accuracy in sport-specific skills was significantly impaired following the implementation of
a Stroop test compared to the control condition.

In addition, ref. [21] showed that youth soccer players, who engaged in a Stroop test
prior to a sport-specific skill test, experienced reduced quality of movements, lower rates of
accurate passes, and a larger number of control errors with mental fatigue compared to the
control condition. Accordingly, a decreased performance in cognitive tasks has also been
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reported in mentally fatigued individuals performing skilled tasks [4]. In support of this, we
currently showed that both choice reaction time and central executive function (inhibition
and selective attention) were decayed in the mental fatigue condition. Importantly, we
also demonstrated an increase in the reaction time following the SC compared to CC.
Moreover, independent of conditions, a significant positive association was observed
between performance changes in free team routines (i.e., change from the first to the last
bout, which was correlated with the respective changes in incompatible and Flanker tests).
This likely indicates an inhibitory effect on central executive function and that athletes
who showed a greater decrement in performance from the first to the last 4 min bout
were those with a greater inhibitory effect and likely greater mental fatigue. It has been
suggested that mental fatigue may induce impairments in basic motor skills [22], primarily
due to the fact that mental fatigue decreases attention [4], as well as anticipation [23,24]. Of
note, a reduction in attention and anticipation is also crucial for performance and likely
more susceptible to mental fatigue in dynamic sporting environments; ref. [25] explores
this issue, such as in artistic swimming, where sustained attention and anticipation are
required during in-water choreography. Therefore, we assume that the cognitive function
deterioration (i.e., choice reaction time and central executive function) contributed to
performance decay, likely due to the greater mental effort required to sustain attention and
inhibit natural responses during the preceding Stroop test.

Regardless of the experimental condition, we showed high heart rate responses
throughout the long-interval artistic swimming efforts as well as increased metabolic
demands, as reflected on blood lactate values. The present heart rate values are similar
to those reported in swimming and water polo performances implementing long-interval
swim efforts [26]. Nonetheless, the blood lactate values presently reported are lower com-
pared to those previously reported in long-interval swimming [26], thus indicating that
both aerobic and anaerobic metabolism contribute to energy provision in long-interval
artistic swimming efforts, but aerobic metabolism is likely more predominant. It was
further demonstrated that both heart rate values and the perception of effort responses
were similar between experimental conditions, albeit the lower blood lactate concentration
in the mental fatigue condition.

Previous studies in dry-land sports have reported conflicting results concerning the
psychophysiological responses following mental fatigue. Badin et al. [21] showed lower
heart rate values and higher RPE responses in soccer, whereas others have demonstrated
unchanged heart rate and blood lactate values [27] but higher RPE responses after the
implementation of a Stroop test [21]. There are probably two reasons related to the mode
and intensity of the exercise protocol explaining this discrepancy. In the present study,
participants executed 4 min long-interval, high-intensity artistic swimming efforts, whereas
previous studies required prolonged submaximal running. It appears that the high physio-
logical (mostly cardiovascular) demands of the current study did not allow us to detect
differences between experimental conditions in terms of heart rate and RPE. The lower
blood lactate values, however, observed in the mental fatigue condition, likely suggest
a diminished potential of anaerobic metabolism activation, likely induced by impaired
central executive function. More research, however, is warranted to investigate this further.

The negative effect of mental fatigue on physical performance has been mostly docu-
mented in prolonged, submaximal efforts [3]. In contrast, we currently observed that the
50 m maximal swim time remained unaltered between conditions, thus suggesting that
mental fatigue has a negligeable effect on short-term maximal swimming performance.
This aligns with previous reports indicating that the implementation of a Stroop test has no
effect on subsequent maximal anaerobic exercise [28,29].
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A limitation of the present study was the specialized sample, comprising eight highly
trained national-level and four elite international-level athletes, which may partly explain
the variability observed in the findings. Moreover, the magnitude of change observed in
the Flanker effect is likely influenced by the characteristics of the sample, including factors
such as training experience, performance level, and individual differences in cognitive
control. Heart rate measurements were completed during the testing session only but not
during the Stroop test, which could have helped in better explaining our findings.

5. Conclusions
The present findings indicate that mental fatigue reduces technical performance in

high-intensity artistic swimming efforts, mostly due to impaired cognitive function. A
potential connection between mental fatigue and overall performance cannot be excluded.
Reduced glycolytic activation may also represent a potential exploratory factor; however,
this warrants future investigation. Coaches in artistic swimming should be aware that
technical performances may be compromised when athletes train under mental stress.
Consequently, strategies aimed at mitigating mental fatigue should be considered.
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