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Education, Zhuhai College of Science and Technology, Zhuhai, China, *Department of Sports and
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Introduction: Physical exercise can improve cognitive function, and the degree of
impact on cognitive function is related to exercise modality, intensity, and duration.
However, few studies have been conducted on the effects of competitive sports
on cognitive function. The 1,500 m freestyle is the longest pool-based swimming
event in the Olympic Games. This study explores the effects of 1,500 m freestyle
at maximal speed on athletes’ cognitive function and analyzes the potential
mechanism of cognitive function reduction in freestyle at maximal speed from the
perspective of hemoglobin oxygenation difference (Hbdiff).

Methods: A total of 13 male university swimmers were required to take part in a
1,500 m freestyle competition, swimming at maximal speed. The relevant indicators,
including cognitive function and freestyle at maximal speed, before and after the
competition were tested and analyzed. Cognitive function was assessed using the
Schulte grid test (SGT), the trail-making test (TMT), and the digit span test (DST). The
neurobiological characteristics of cognitive function, such as the prefrontal cortex
(PFC), response time (RT), and accuracy rate (ACC), were tested using functional
near-infrared spectroscopy (fNIRS).

Results: A significant decrease in scores for SGT, TMT, and digit span test-backward
(DST-B) (p < 0.01). Oxygenated hemoglobin (Oxy-Hb) concentrations in the right
frontopolar area (R-FPA) of brain channels 8 (p < 0.01) and 9 (CH8, 9) (p < 0.05), the right
dorsolateral prefrontal cortex (R-DLPFC) CH10 (p < 0.05), and the middle dorsolateral
prefrontal cortex (M-DLPFC) CH18 (p < 0.01) were significantly altered, and the right
area of the brain was activated. The total Oxy-Hb concentrations in the regions of
interest (ROIs) of R-FPA, R-DLFPC, and M-DLFPC were changed significantly (p < 0.01).

Discussion: The exhaustive performance of a 1,500 m freestyle event resulted in both
physical fatigue and a decline in cognitive function. This decline may be attributed to
the activation of specific regions of interest, namely the FPA, DLPFC, and M-DLPFC,
within the prefrontal cortex (PFC), as well as alterations in functional connectivity.

KEYWORDS

1,500 m freestyle, maximal speed, cognitive function, fNIRS, SGT, TMT, DST

1 Introduction

Cognitive function refers to the brain’s ability to process and understand information, which
plays a very important role in learning ability, attention, memory, spatial perception, and
problem-solving ability. Cognitive function can be improved through learning and practicing
processes, in which exercise is an important factor. Studies have shown that the effect of physical
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activity on cognitive function depends on the exercise intensity (Weng
et al, 2015; Kao et al.,, 2017; McMorris, 2021). Most studies focused
on improving cognitive function through proper physical exercise,
and regular aerobic exercise shows benefits in cognitive function
improvement (Uysal et al.,, 2015; Tsai et al., 2018; Amjad et al., 2019;
Tomoto et al., 2021). The effects of acute moderate-intensity aerobic
exercise on cognitive performance are significantly greater than those
of acute low-intensity and high-intensity aerobic exercise (McMorris
and Hale, 2012; Ludyga et al., 2016; Devenney et al., 2019; Song and
Doris, 2019). Furthermore, cognitive function could be significantly
improved both immediately and for a period of time after high-
intensity interval training (HIIT) in adolescents, and the benefits of
HIIT were better than those of moderate-intensity endurance exercise
and lasted longer (Tsukamoto et al., 2016; Coetsee and Terblanche,
2017; Cooper et al., 2018; Kao et al., 2018). The cognitive response in
sports is very important for competitive performance. However, far
too little attention has been paid to the impact of the conditions of
sport on cognitive function, such as intensity and duration.

Exercise could increase the volume of regions such as the PFC and
hippocampus, enhance synaptic plasticity, and improve cognitive
function and brain health (Ando et al., 2022). Compared with high-
intensity intermittent exercise, the effect of moderate-intensity
exercise on improving cognitive function is superior to that of
information processing speed, which is related to the fact that
university students consume a large amount of physical energy during
high-intensity exercise (Coetsee and Terblanche, 2017). High levels of
arousal lead to premature fatigue and divert the individual’s attention
from the current task to feelings of physical discomfort, which could
affect behavioral performance and lead to cognitive decline (de la Rosa
et al,, 2020). Different exercise modalities have different degrees of
impact on cognitive function (Brisswalter et al., 1997; Jin et al., 2019;
Blumenthal et al., 2020; Broadhouse et al., 2020; Hortobagyi et al.,
2021; Pérez-Sousa et al., 2021; Soysal et al., 2021). The well-established
benefits of physical activity for cognitive function have been observed
with aerobic exercises, the combination of aerobic exercises and
strength exercises, and dance movement interventions (Rehfeld et al,
2017; Zhu et al., 2020). There is substantial evidence that physical
activity interventions can change the amplitude of fluctuations in the
DLPFC and PFC measured by fNIRS and delay the atrophy of brain
regions such as the hippocampus (Chen et al., 2016; Tao et al., 2017;
Northey et al., 2018). Resistance training has been found to increase
the thickness of the PFC, reduce the volume of diseased white matter
and white matter atrophy, and improve executive function
(Liu-Ambrose et al., 2012; Herold et al., 2019). Participation in both
anaerobic resistance group training above the anaerobic threshold
intensity and acute high-intensity resistance exercise in middle-aged
women improves executive function performance in RT and oral
fluency and significantly improves cognitive transitions and
refreshment (Chang et al., 2014; Yoon et al., 2017).

Studies have shown that swimming training can improve
cognitive function by modulating neuromuscular inflammation-
related signaling pathways (Khan et al, 2015). However, the
continuum of cognitive effects regulated by swimming and the
underlying mechanisms of action have not been fully elucidated.
Analyzing the cognitive mechanisms regulating departure reaction
time and competition strategies is of great significance in improving
athletic performance. The 1,500m freestyle is the longest pool-
based swimming event in the Olympic Games. Changes in the
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cognitive function of athletes during freestyle at maximal speed
greatly affect sports performance. Therefore, we aimed to (1)
characterize the impact of 1,500 m freestyle at maximal speed on
athletes’ cognitive function and (2) investigate the potential impact
of inhibitory control ability in the Stroop task measured by fNIRS
and serum serotonin (5-HT) after the 1,500 m freestyle at maximal
speed. We hypothesized that cognitive function would decrease
after 1,500 m freestyle at maximal speed, and the decrease would
be associated with the activated network of brain regions in the
right prefrontal cortex.

2 Materials and methods

2.1 Subjects

A total of 13 male swimmers were recruited from Guangzhou
Sport University and participated in the current experiment. All
participants were healthy college students who were mostly
involved in middle- and long-distance swimming. Inclusion
criteria included (1) non-drinker and non-smoker and (2) not
fatigued in the past 2 days. All participants were informed of the
study procedures and objectives verbally and in writing and signed
a written informed consent form. The study was approved by the
Ethics Committee of Guangzhou Sports University (Approval No.
2020LCLL-006). The of the
characteristics are shown in Table 1.

basic parameters physical

2.2 Experimental program

On the morning of the swimming session, fasting venous blood
samples were collected, and heart rate data were obtained using a
heart rate monitor (POLAR RC3, Finland). fNIRS tests and cognitive
function assessments were performed using the SGT, DST, and
TMT. After reporting a rating of perceived exertion (RPE) value and
warm-up, all athletes commenced a 1,500m freestyle swimming
session at the speed of their best previously recorded swimming
performance (Matthews et al., 2017). The physical performance of
athletes was evaluated by testing the athlete’s RPE value and heart rate
(HR) during training. After the swimming session, the RPE scale was
recorded to monitor the degree of physical fatigue; venous blood
samples were collected again, the second cognitive function
assessment was conducted, and then the fNIRS test was conducted
(Figure 1).

2.3 Physical performance test

The RPE scale was recorded to monitor the degree of physical
fatigue (Borg, 1982). We measured the Bla, CK, and BUN to reflect the
level of exertion; Bla was tested using an EFK semiautomatic lactic
acid analyzer (EFK, Germany). Serum creatine kinase (CK) and blood
urea (BUN) were detected using an automatic biochemical analyzer
(Chemray-420, Rayto, China). The 5-HT reflected central fatigue,
which relates to cognitive function, and 5-HT was tested using ELISA
test kits (ABN-KA1894 Serotonin ELISA Kit, USA). The HR was
recorded using POLAR RC3 (POLAR, Finland).
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TABLE 1 Athlete characteristics.

10.3389/fpsyg.2023.1283585

Height (cm) Weight (kg) BMI (kg/m?) HR (bpm) Training (y)
N=13 19.15+£1.07 180.31+5.04 76.15+£9.72 24.25+2.92 58.00+4.76 8.54+1.27
BMI, body mass index; HR, heart rate; Training, years of swimming training.
HR, Blood
(Bla, BUN, fNIRS (ACC,
» RT, Oxy-Hb)
T immediately . : .
| Pre-swimming | » 1500-m freestyle swimming | 2min After swimming 10min =
P & > >

1st 100m| [2nd 100m
Seconds | | Seconds
RPE RPE

Blood (Bla, BUN,
CK, 5-HT)—HR

—fNIRS—SGT,
TMT, DST

FIGURE 1

15th 100m
Seconds
RPE

10m iuT

The experimental program. Cognitive function: SGT, Schulte grid test; TMT, trail making test; DST, digit span test; fNIRS functional near-infrared
spectroscopy test: ACC, accuracy rate; RT, response time; Oxy-Hb, oxygenated hemoglobin. Physical performance: HR, heart rate; Bla, blood lactic
acid; BUN, blood urea; CK, serum creatine kinase; 5-HT, serum serotonin. Effort: RPE, rating of perceived exertion.

2.4 Cognitive function assessment

Cognitive function was measured using SGT, DST, and TMT
cognitive scales before and after swimming sessions. The SGT,
which assesses control ability, a Schulte grid card with 25 squares
filled with random Arabic numerals from 1 to 25, requires the
athlete to point out their positions in order from 1 to 25 using their
fingers while reciting them out loud, and the time taken is the SGT
score (Li et al., 2015). The DST, which assesses the attention and
cognitive speed, including DST-F (digit span test-forward) and
DST-B (digit span test-backward), requires athletes to repeat the
sequence of numbers heard in forward and backward directions,
and the number of correct numbers is the DST score (Simard and
Reekum, 1999). TMT, which assesses attention, a linking scale with
8 numbers and 8 letters in a random order, requires the athlete to
link the randomly arranged numbers and letters in alternating order
in the fastest time possible, and the time taken is the TMT score
(Vickers et al., 1996).

2.5 fNIRS test

The Stroop task was designed with E-prime software, and the
markers stimulating signal data of the brain were recorded with a
NIRSport spectrometer (NIRSport, NIRxMedical Technology LLC,
Glen Head, NY, United States). To avoid the interference of skin
moisture-induced blood flow changes, as shown in Figure 2, athletes
performed the CWST for 15min before and after the swimming
session. The obtained RT and ACC data were processed by E-data
software (Kujach et al., 2018).

With a montage design based on the fNIRS Optodes’ Location
Decider (fOLD) and the brain ROIs distribution based on a high-
density 10x 10 international system, a portable near-infrared
spectroscopy test imager (NIRSport, NIRxMedical Technology LLC,
Glen Head, NY, United States) was placed on 8 brain regions of the
athlete’s prefrontal lobe. The specific channel and brain region designs
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are shown in Table 2 and Figure 3 (Valer et al., 2007; Morais et al.,
2018; Lacerenza et al,, 2021). Data from fNIRS were recorded, the
signal-to-noise ratio was assessed using NIRStar acquisition software,
and the raw data were processed using nirsLAB according to the
modified Beer-Lambert law (Slone et al., 2012; Ayache et al., 2014).

2.6 Data analysis

All experimental data were statistically analyzed using SPSS 23.0
software, and the type I error was corrected using the alpha correction
method. A paired sample t-test was used to analyze the related data.
p<0.05 indicated statistical significance. Data are expressed as the
mean *standard deviation, and GraphPad Prism 9.0 was used for
graphical drawing.

3 Results

3.1 Athletic physical performance during
the 1,500 m freestyle at maximal speed

3.1.1 The segmentation performance

As shown in Figure 4, during the freestyle, the athletes
performed best in the first 100 m, followed by a downward trend.
From the fifth 100 m, the performance was almost in a stable state
with a relatively small range of fluctuations. In the last three 100 m
of the 1,500 m freestyle at maximal speed, the athletes’ RPE value
increased significantly (p<0.01), reaching the level of 19-20. In
summary, all athletes commenced the 1,500m freestyle at
maximal speed.

3.1.2 The results of Bla, BUN, CK, 5-HT, and HR
After the 1,500 m freestyle at maximal speed, Bla was significantly

increased immediately (p <0.01) (Figure 5A), reaching 11.2 mmol/L,

and CK was significantly increased immediately (p<0.05)
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FIGURE 2

The color-word matching Stroop task. (A) Schematic representation of the color-word Stroop task (CWST). The task was divided into a correct response
and an incorrect response. (B) Stroop task experiment flow. Using functional near-infrared spectroscopy (fNIRS), cortical hemodynamic changes were
measured while athletes performed the CWST. Each presentation of colored words was 200 ms, and the delayed response was 300 ms, beginning with a
1,500 ms rest period, for a total of 24 trials, last 15 min. (C) For the Stroop tasks, the athletes were asked to stare at the central white plus sign (+); the
prompt word for the CWST was in English, and the participants were asked to select the color that matched the meaning of the central word.

TABLE 2 The channel corresponds to the location of the prefrontal brain area.

Channel Location S-D Brain location ROIs
CH1 Fpz-Fp2 S1-D1 Bal0-Frontopolar area R-FPA
CH2 Fpz-Fpl S1-D2 BalO-Frontopolar area L-FPA
CH3 Fpz-AFz S1-D3 Bal0-Frontopolar area M-FPA
CH4 AF3-Fpl S2-D2 Bal0-Frontopolar area L-FPA
CH5 AF3-AFz $2-D3 BalO-Frontopolar area L-FPA
CH6 AF3-F1 S2-D4 Ba9-Dorsolateral pefrontal cortex L-DLFPC
CH7 AF3-F5 S2-D6 Ba46-Dorsolateral pefrontal cortex L-DLFPC
CH8 AF4-Fp2 $3-D1 BalO-Frontopolar area R-FPA
CH9 AF4-AFz $3-D3 Bal0-Frontopolar area R-FPA
CHI10 AF4-F2 $3-D5 Ba9-Dorsolateral pefrontal cortex R-DLFPC
CHI1 AF4-F6 $3-D7 Ba46-Dorsolateral pefrontal cortex R-DLFPC
CHI12 F3-F1 S4-D4 Ba9-Dorsolateral pefrontal cortex L-DLFPC
CHI13 F3-F5 $4-D6 Ba45-Pars triangularis Broca’s area L-VLPEC
CHI14 F4-F2 §5-D5 Ba9-Dorsolateral pefrontal cortex R-DLFPC
CH15 F4-F6 $5-D7 Ba45-Pars triangularis Broca’s area R-VLPEC
CH16 F7-F5 $6-D6 Ba45-Pars triangularis Broca’s area L-VLPFC
CH17 F8-F6 §7-D7 Ba45-Pars triangularis Broca’s area R-VLPEC
CH18 Fz-AFz S8-D3 Ba9-Dorsolateral pefrontal cortex M-DLFPC
CHI9 Fz-F1 $8-D4 Ba9-Dorsolateral pefrontal cortex L-DLFPC
CH20 Fz-F2 S8-D5 Ba9-Dorsolateral pefrontal cortex R-DLFPC

R, right; L, left; M, middle; FPA, frontopolar area; DLFPC, dorsolateral prefrontal cortex; VLPFC, ventral prefrontal cortex.

(Figure 5B), reaching 340 U/L. Additionally, BUN was also increased ~ (Figure 5D), HR was increased significantly (p < 0.01) (Figure 5E),
significantly (p<0.01) (Figure 5C). At the same time, the and reached approximately 200 bpm (HRmax). The results showed
concentration of 5-HT, a neurotransmitter that reflects central  that the athletes were in a state of exercise-fatigue after the 1,500 m
nervous fatigue, increased significantly after exercise (p<0.05) freestyle at maximal speed.
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3.2 Cognitive function of athletes
decreased after the 1,500 m freestyle at
maximal speed

After the 1,500m freestyle at maximal speed, the time
consumed on the SGT and TMT significantly increased (p <0.01)
(Figures 6A,D), and the time spent performing the DST-B
significantly decreased (p <0.01) (Figure 6C), while the changes
in the time spent performing the DST-F were not statistically
significant (p>0.05) (Figure 6B). This indicates that the cognitive
function of athletes decreased after the 1,500m freestyle at
maximal speed.

3.3 Changes in the indicators of cognitive
function measured by fNIRS after the
1,500 m freestyle at maximal speed

ACC and RT are indicators of cognitive function. After the
1,500 m freestyle, the ACC of performing the CWST decreased slightly

. Sourcce
. Detector

= Channel

FIGURE 3

Schematic of the probe setup when positioned on the athlete’s head.
The fNIRS system consisted of eight light sources (red) and seven
detectors (blue) with a 3cm source-detector separation, comprising
20 channels (black) across the prefrontal lobe.

10.3389/fpsyg.2023.1283585

but with no statistical significance (p>0.05) (Figure 7A). In contrast,
the RT increased significantly (p <0.01) (Figure 7B).

Hbdiff changes in athletes’ PFC after the 1,500m freestyle at
maximal speed. The Oxy-HDb concentration signal data of 20 channels
in the PFC of athletes, CH8 (p<0.01) and CH9 (p <0.05) in the PFC
of R-FPA (Figure 8A), and in the PFC of R-DLFPC (Figure 8B). The
concentration of CH10 (p <0.05) changed significantly (Figure 8C),
and the t-value was significantly positively activated. The concentration
of Oxy-Hb in CH18 (p<0.01) located in the PFC of the M-DLFPC
was significantly different (Figure 8D), and the t-value was negatively
activated. The PFC of the athletes was activated after the 1,500 m
freestyle at maximal speed, as shown in Table 3.

Analysis of Oxy-Hb change concentration signal data from
20 channels in the PFC of athletes by brain ROIs (Figure 9B)
showed that the total Oxy-Hb concentrations in the three ROIs,
R-FPA (Figure 10A), R-DLFPC (Figure 108), and M-DLEPC
(Figure 10C), changed significantly (p<0.01) (Figure 10B), as
shown in Table 4.

4 Discussion

In this study, we investigated the effects of a single 1,500 m freestyle
at maximal speed on cognitive function and explored the changes in
brain ROIs during freestyle at maximal speed-induced cognitive decline.
The participants’ HR reached approximately 200bpm (HRmax), RPE
increased significantly to 20, Bla increased significantly after exercise,
and performance decreased. Through the detection of inhibitory control
ability in the Stroop task measured by fNIRS, the SGT, TMT, DST, and
serum 5-HT, we found that 1,500 m freestyle at maximal speed enhanced
the activation of three brain regions, R-FPA, R-DLFPC, and M-DLFPC,
in brain ROIs, increasing Stroop interference RT. Athletes who
performed DST-B, TMT, and SGT tests were significantly less efficient,
and serum 5-HT was significantly increased. Our data suggest that the
network of brain regions in the right prefrontal cortex was activated and
cognitive function decreased after the 1,500m freestyle at maximal
speed. This study helps to uncover the potential changes by which
freestyle with high intensity reduces cognitive function in athletes.

setl:1st 100m

FIGURE 4

scores. Right Y-axis, segmentation performance for each 100 m.
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FIGURE 5
Changes in Bla, BUN, CK, 5-HT, and HR in athletes’ blood after the 1,500 m freestyle at maximal speed. xp < 0.05, #xp < 0.01, compared with the
baseline. (A) Bla: blood lactic acid, (B) CK: serum creatine kinase, (C) BUN: blood urea, (D) 5-HT: serotonin, (E) HR: Heart rate.
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FIGURE 6

Changes in SGT, DST-F, DST-B, and TMT after the 1,500 m freestyle at maximal speed. xxp < 0.01, compared with baseline. (A) SGT: Shuerte scale test,
(B) DST-F: digit span test-forward, (C) DST-B: digit span test-backward, (D) TMT: Trail Making Test.
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Changes in the accuracy and response time of the athletes during
the Stroop task. sxp < 0.01, comparison of accuracy rate (ACC, A),
and response time (RT, B) between the correct response and

incorrect response tasks.
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Several points were discussed here, including intensity- and workload-
related dose-response effects on cognitive function and mechanisms of
cognition decline measured by fNIRS.

Inhibitory control (IC) during the Stroop task can be detected to
assess the cognitive function of the PFC (Yang et al., 2020; Qi et al.,
2021). Moderate-intensity aerobic exercise for a period of 20 min
immediately improved inhibitory control significantly (Kraemer et al.,
2002; Chang et al., 201 5). Moderate—intensity acute resistance exercise
for 30 min not only increased RT and ACC behavioral performance of
Go/No-Go tasks but also selectively enhanced executive cognitive
functions of IC and attention. Furthermore, 60 min of acute moderate-
intensity exercise had a great effect on IC and immediately improved
cognitive function in the Stroop task but did not affect working
memory or cognitive flexibility in young adults (Chang and Etnier,
2009a; Tsukamoto et al, 2017). These studies showed that the

frontiersin.org


https://doi.org/10.3389/fpsyg.2023.1283585
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org

Laietal.

cognitive performance of IC and other executive functions (EF) were
improved after moderate-intensity aerobic exercise (Lambourne and
Tomporowski, 2010; Ludyga et al., 2016).

FIGURE 8

R-FPA (CHS)

R-DLFPC (CH10)

R-FPA (CH9)

M-DLFPC (CH18)

Changes in Oxy-Hb concentrations in prefrontal brain regions.
Channels of ROIs activated in prefrontal cortical regions with greater
response during the Stroop task after 1,500 m freestyle. Each of the
small circles in different colors represents one channel, and the color
scale represents the t-values at the group level. Each white circle
represents an ROI. (A) Channel 8 of the right frontopolar area (R-FPA)
(p<0.01); (B) Channel 9 of R-FPA areas (p < 0.05); (C) Channel 10 of the
right dorsolateral prefrontal cortex (R-DLPFC) (p <0.05); (D) Channel
18 of the middle dorsolateral prefrontal cortex (M-DLPFC) (p < 0.01).

10.3389/fpsyg.2023.1283585

However, it is notable that the domain-specific cognitive
function and affective response are impacted by intensity- and
workload-related dose-response effects of acute resistance exercise
(Chang and Etnier, 2009b; Engeroff et al., 2019). High-intensity
exercise increased the RT of executive tasks and decreased
behavioral performance as well as cognitive performance (Drollette
et al., 2012; Tsai et al,, 2014). Moderate- and high-intensity acute
resistance exercise for a period of 40 min immediately improved
cognitive performance on the Stroop task and significantly
improved IC, while low-intensity exercise had little effect
(Tsukamoto et al, 2017). Furthermore, 45min of acute high-
intensity resistance exercise reduced behavioral performance on the
Stroop task but increased RT, whereas 180min of moderate-
intensity exercise improved behavioral performance on the Simon
task and cognitive EF (Brush et al., 2016). Most reports have shown
that acute moderate-intensity resistance exercise can cause cognitive
function decline (Hirano et al., 2013; Russell et al., 2021; Engeroff
etal., 2022). Consistent with the literature, this research found that
the 1,500 m freestyle at maximal speed led to a decrease in cognitive
function; IC in the Stroop task, SGT, and TMT were reduced, and
serum 5-HT increased, which is possibly due to central fatigue and
cognitive decline, affecting the effective contraction of skeletal
muscle (Kieran et al., 2018; Zhai et al., 2018).

Previous studies have reported the mechanisms of cognition
decline in extreme exercise (Ando et al., 2022). PFC activation
during acute exercise measured by fNIRS enhanced cerebral blood
flow to the DLPFC and FPA and improved performance in Stroop
tasks requiring IC capabilities (Fujihara et al., 2021). Improving the

TABLE 3 Stroop-interference-related oxy-Hb changes in all ROIs of each channel.

Channel S-D ROIs Baseline Swim T p ES
CH1 S1-D1 R-FPA 491+9.95 0.43+15.27 0.875 0399 0.24
CH2 S1-D2 L-FPA 2.639.83 —232+17.36 0.888 0392 025
CH3 S1-D3 M-FPA 3.37+5.07 1.40+14.16 0501 0.625 0.14
CH4 S2-D2 L-FPA 2.46+6.14 —2.16+15.81 1.195 0.255 033
CH5 $2-D3 L-FPA 1.68+3.55 —023+5.19 1.410 0.184 0.39
CH6 S2-D4 L-DLEPC 1.46+3.94 0.41+3.60 1.324 0210 037
CH7 $2-D6 L-DLFPC 3.34+4.34 234£5.75 0.590 0.566 0.16
CH8 $3-D1 R-FPA 533+591 —8.34+547 6.587 0.000%% 1.83
CH9 $3-D3 R-FPA 3.74+5.70 —2.80+10.49 2.399 0.034% 0.67
CH10 $3-D5 R-DLFPC 2.60+3.94 —0.71+4.21 27 0.019% 0.75
CHI1 $3-D7 R-DLFPC 2.59+4.90 0.77+6.80 1.092 0.296 0.30
CHI2 S4-D4 L-DLFPC 2.95+3.80 3.40+7.73 —0.199 0.846 0.06
CH13 $4-D6 L-VLPFC 3.08+6.90 0.50+8.37 0.889 0.391 0.25
CH14 $5-D5 R-DLFPC 0.51+4.45 2274628 1.187 0.258 033
CHI5 $5-D7 R-VLPEC 2.50+6.62 —0.44+6.07 1.106 0.290 031
CH16 $6-D6 L-VLPFC 6.19+9.98 333+10.18 0.834 0421 0.23
CH17 $7-D7 R-VLPEC 5.66+10.03 1.72+10.31 1.209 0.250 0.34
CHI8 $8-D3 M-DLFPC —0.62+1.04 0.96+0.74 —4.291 0.0017%% 1.19
CH19 $8-D4 L-DLEPC 2.18+6.20 —1.75+7.30 1.637 0.128 0.45
CH20 $8-D5 R-DLFPC 3.29+6.24 1.32+7.79 0.982 0.345 027
#p<0.05.

##p<0.01, compared with the baseline.
R, right; L, left; M, middle; FPA, frontopolar area; DLFPC: dorsolateral prefrontal cortex; VLPFC, ventral prefrontal cortex.
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FIGURE 9

Changes in prefrontal brain regions. Activation patterns of the mirror neuron system (MNS) after 1,500 m freestyle when using the ROI-based group
analysis. (A) Functional connectivity during the exercise state. Nodes with different colors refer to channels of ROls, and the line between two nodes
indicates an edge between these two channels. Note that one green node represents the middle dorsolateral prefrontal cortex (M-DLPFC), four blue
nodes represent the right dorsolateral prefrontal cortex (R-DLPFC), and two red nodes represent the right frontopolar area (R-FPA). (B) ROls of
prefrontal cortical activation in response to Stroop tasks after 1,500 m freestyle. Small circles in the different colors represent channels, and the color

scale represents the t-values at the group level. The white circle represents an ROI.
| O

R-FPA R-DLFPC M-DLFPC

FIGURE 10

Cortical activation patterns during the color-word matching Stroop task. ROIls activated in the prefrontal cortex with a greater response during the
Stroop task after 1,500 m freestyle (p < 0.01). Each small circle in the different colors represents one channel, and the color scale represents the t-
values at the group level. Each white circle represents an ROI. (A) the right frontopolar area (R-FPA) of ROls; (B) the right dorsolateral prefrontal cortex
(R-DLPFC) of ROIs; (C) the middle dorsolateral prefrontal cortex (M-DLPFC) of ROls.

TABLE 4 Changes in athletes’ Oxy-Hb indicators of ROls.

Channel ROIs Baseline Swim T Jo) ES
CHI1-8-9 R-FPA 4.66+7.28 —3.57+11.50 3.920 0.000%* 0.63
CH2-4-5 L-FPA 2.25+6.82 —1.57+13.55 1.696 0.098 027
CH3 M-FPA 3.37+5.07 1.40+14.16 0.501 0.625 0.14
CH6-7-12-19 L-DLEPC 2.48+4.59 1.10+6.43 1.461 0.150 0.20
CH10-11-14-20 R-DLFPC 224+4.92 —0.22+6.37 2.730 0.009%* 0.38
CH13-16 L-VLPFC 4.63+8.55 1.9149.25 1.236 0.228 0.24
CHI15-17 R-VLPFC 4.08+8.48 0.64+8.36 1.668 0.108 0.33
CHI18 M-DLFPC —0.62+1.04 0.96+0.74 —4.291 0.001%* 119

#%p <0.01, compared with Baseline. R, right; L, left; M, middle; FPA, frontopolar area; DLFPC, dorsolateral prefrontal cortex; VLPFC, ventral prefrontal cortex.

FC activity of ROIs can better regulate the decline in sports ability ~ worth noting that in this study, three ROIs of the FPA, DLPFC, and
caused by the decline in IC capabilities (Radel et al., 2017). Our ~ M-DLPFC on the right side of the brain were activated, and the
research results are consistent with those of previous reports. It is ~ functional connectivity (FC) of the PFC spatial grid was altered

Frontiers in Psychology 08 frontiersin.org


https://doi.org/10.3389/fpsyg.2023.1283585
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org

Laietal.

after the 1,500 m freestyle at maximal speed. Acute exercise affects
cognitive function by altering neural processing and changes in
network patterns between multiple brain regions (Moriarty et al.,
2019; Urquhart et al,, 2019; Burin et al., 2020). Whether the change
in brain cognitive function caused by freestyle at maximal speed is
related to sports fatigue depends on the activation of the DLPFC
(Ludyga et al., 2019). Understanding the mechanism of the decline
in sports function caused by high-intensity exercise could provide
a basis for improving sports economy and preventing cognitive
function damage (Rhee and Mehta, 2018).

The DLPFC is closely related to the sensorimotor cortex and
is responsible for cognitive control and goal-oriented behavior
(Causse et al., 2018). A high intensity of cycling until exhaustion
was found to increase DLPFC activity in healthy adults (Bediz
et al,, 2016). When cycling to fatigue at 60% maximum aerobic
exercise capacity (PAP) intensity, the oxy-hemoglobin (A[HbO])
concentration of R-DLPFC decreased (Fox et al., 2009). Changes
in the oxy-hemoglobin (A[HbO]) of the DLPFC not only delay
the occurrence of fatigue but also improve cognitive function (Ji
etal., 2019). Although both the right and left PFC were activated
by the planning task, activation of the right DLPFC was more
sensitive to executive task difficulty (Newman et al., 2003). The
activation of the DLPFC may reflect interference processing and
inhibition of response, and the left DLPFC may be the neural
matrix to improve Stroop performance (Yanagisawa et al., 2010).
This finding suggests that the changes in A[HbO] in the R-DLPFC
and R-FPA during the Stroop task activated the right PFC
brain region.

In summary, the 1,500m freestyle at maximal speed led to
cognitive function decline and fatigue. The potential mechanism
might be the reduction in the cognitive function of athletes due to the
activation of the R-FPA, R-DLPFC, and M-DLPEC regions of interest
in the PFC and functional connectivity. This study is helpful for
understanding the relationship between the decline in cognitive
function and exercise fatigue.

5 Conclusion

A single 1,500 m freestyle at maximal speed led to fatigue and
cognitive function decline. The potential mechanism might be the
activation of the R-FPA, R-DLPFC, and M-DLPEC regions of interest
in the PFC and functional connectivity.

6 Limitations and future research

Several limitations of this study warrant consideration. Firstly, the
inclusion of solely male athletes restricts the generalizability of the
findings. Secondly, the utilization of a probe in fNIRS measurements
that solely encompassed the prefrontal lobe resulted in the inability to
detect deeper subcortical regions like the hippocampus. Thirdly, this
study lacks correlation analysis of fatigue and cognitive function.
Consequently, the consistency of the enduring effects of exercise on
cognitive function across various age groups remains uncertain ),
Consequently, future studies should investigate cognitive function in
response to diverse intensities of fatiguing exercise and among
different individuals.
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