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Abstract

Previous studies investigating the diurnal variation of physiological and psychological
variables during exercise have yielded conflicting results. The present investigation was
designed to assess the impact of time-of-day on short-term repetitive maximal perfor-
mance [i.e., single and two consecutive bouts of 5m shuttle run test (5SmSRT), long jump
test] as well as cognitive ability and psychological variables [i.e., mood states (POMS) and
Hooper questionnaire] in male and female adolescents. In a randomized study design, 21
healthy adolescents (12 females and 9 males; age: 15.9+1.04 years) performed at 08h00
and 16h00 two consecutive 5mSRT (with 20min of rest interval in-between), to assess the
greatest distance (GD), the total distance (TD), the average distance (AD) and the fatigue
index (FI), and the long jump test (LJT). Perceived exertion (RPE) was recorded immedi-
ately after each 5SmSRT. The POMS and Hooper questionnaires and the digit-cancellation
test (i.e., attention) were realized during each session. The results showed that TD and
AD were greater in the morning than in the afternoon during the 15 (p = 0.048 and 0.048,
respectively) and the 2" (p = 0.0016 and 0.0017, respectively) 5mSRT; while GD was time-
of-day independent (p = 0.16). For the FI, results demonstrated a significant time-of-day
effect with highest values recorded in the afternoon compared to the morning during the
2 5mSRT (p = 0.017). In contrast, attention scores and the long jump test performance
recorded before and after each 5SmSRT were time-of-day independent for all measures

(p > 0.05). Likewise, POMS parameters [anxiety (p = 0.15), depression (p = 0.71), anger
(p = 0.23), fatigue (p = 0.07), confusion (p = 0.58), vigor (p = 0.16), TMD (p = 0.06) and
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interpersonal relationships (p = 0.19)], RPE [1! (p = 0.22) and 2™ (p = 0.43) 5mSRT] and
delayed onset muscle soreness (p = 0.34) were time-of-day independent; while, fatigue

(p = 0.03), sleep (p = 0.01) and stress (p = 0.027) estimated by the Hooper questionnaire
were higher in the afternoon compared to the morning. In conclusion, morning is more
effective than afternoon session for improving short-term repetitive maximal performance
and reducing fatigue during the 5mSRT for adolescents. However, regarding psychological
parameters and cognitive function and contrarily to previous researches, there is no time-
of-day effects.

Introduction

The human body operates on a circadian rhythm regulated by the suprachiasmatic nucleus,
governing various physiological and biochemical functions such as the sleep-wake cycle that
are associated with optimal performances [1]. According to the literature, many physical
parameters, such as repeated sprint ability, muscle strength, anaerobic power, multiple jumps,
and fatigue are time dependent [1,2]. In this context, Belkhir et al. [3], for physical perfor-
mance, reported that the best and the total distance covered during the 5m shuttle run test
(i.e., 6x30-s with 35-s recovery) were significantly better in the afternoon compared to the
morning. Likewise, Testu and Bréchon [4] reported a significant time-of-day effects on cogni-
tive performance, with higher values in the afternoon compared to the morning.

Despite extensive research on the diurnal variation of physical performance in adults,
adolescents have been less studied in this context [5]. Given the significant physiological and
psychological changes that occur during adolescence, it is plausible that these factors could
influence daily variations in physical and cognitive performance within this age group [6]. In
this context, Goldstein et al. [7] highlighted the impact of time-of-day on adolescents’” cogni-
tive performance and behavior, emphasizing variability influenced by individuals’ circadian
preferences. Ouergui et al. [8] indicated that both dynamic and isometric judo chin-up tests
show time-of-day variations, with adolescents performing better in the afternoon than in the
morning. These diurnal variations in performance can be attributed to various factors, includ-
ing perceptual and psychological responses such as decreased perception of effort, along with
improvements in cognitive performance (i.e., reaction time) and vigor [8].

To explain these diurnal changes in physical and cognitive performances, previous studies
have investigated the perceptual and psychological responses to exercises at different time-
of-day [9,10]. In this context, it has been reported that the scores of fatigue estimated by the
Hooper questionnaire and the perceived exertion (RPE) were higher in the afternoon com-
pared to the morning [11]. Also, Hill and Chtourou [9] revealed that changes in performance
from morning to afternoon were correlated with fluctuations in vigor and fatigue among Uni-
versity students. Moreover, Chtourou et al. [10] reported that, during repeated high-intensity
efforts, the independence of most psychological markers, such as mood states, was associated
with a lack of significant diurnal variations in performance and fatigue.

Adolescence, in particular, introduces physiological and psychological changes that affect
daily performance fluctuations [6]. These changes are linked to a longer circadian period,
delayed sleep onset, and reduced sleep pressure during waking hours, which allow adolescents
to stay awake longer than adults [12]. Furthermore, the interplay between brain mechanisms,
circadian rhythms, and puberty, including variations in melatonin and gonadotropin levels
[13], likely contributes to performance fluctuations, underscoring the importance of identify-
ing optimal training times [14].
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According to the authors’ current knowledge, no study has investigated the diurnal
variation of these aspects aforementioned in adolescents. Therefore, the present study aimed
to investigate the diurnal fluctuation of short-term repetitive maximal performance as well
as mood, fatigue, stress, sleep, muscle soreness and constant attention in adolescents. We
hypothesized that physical and cognitive performances are better in the afternoon and that
these diurnal variations are related to perceptual and psychological responses.

Materials and methods
Participants

Twenty-one adolescents (12 females and 9 males; mean + SD: age: 15.9 + 1.04 years; body
mass: 59.87 + 9.04 kg; height: 1.68 + 0.07 m; BMI: 20.87+1.99kg « m?) volunteered to partic-
ipate in the present study. They were participating regularly in physical education classes for
2 sessions/week, with each one lasting 2h. Participants and their parents were informed about
the protocol and signed a written informed consent before their participation. The present
study was conducted in accordance to the Declaration of Helsinki and the protocol was fully
approved by the University of Sfax research ethics committee (CPP SUD n® 0224/2020). The
current study was carried out in Tunisia in 2021.

Experimental design

One week before the beginning of the experimentation, participants were familiarized with
the equipment and the experimental protocol. The measurement of body mass and height was
also done. After that, participants randomly assigned into two test sessions (Morning: 08h00
and afternoon: 16h00) with at least 48h of rest in-between. During each session, subjects
started by answering the profile of mood states (POMS) questionnaire using the French ver-
sion by Cayrou et al. [15] and performing the digit cancellation test [16].

After that, they completed 10 min of standardized warm-up (5 min of jogging at a moder-
ate intensity followed by 5 min of dynamic stretching and four progressive accelerations that
covered 100 m). Then, participants performed the long jump test (L]JT) followed by two 5m
shuttle run test (5SmSRT) with a 20 min of rest in between. At the end of each 5mSRT, partic-
ipants were asked immediately to rate their perceived exertion (RPE). Additionally, partici-
pants performed the long jump test and answered the digit cancellation test at 5 min after the
1¢ 5mSRT and at 5min before and after the 2" 5mSRT. Participant answered the POMS ques-
tionnaire a second time and finally the Hooper questionnaire in order to provide a subjective
estimation of the prior night sleep as well as fatigue, stress and delayed onset muscle soreness
(DOMS) scores [17]. The experimental design is presented in Fig 1.

Measures

Profile of mood state questionnaire. The POMS questionnaire is a series of 65- adjectival
items designed to assess seven mood states (i.e., five negative moods: anxiety, depression,
anger, fatigue, confusion; one positive mood: vigor and interpersonal relationship). Responses
to each item range from “0” (Not at all) to “4” (Extremely), with higher scores indicating more
negative mood. The total mood disturbance (TMD) score consists of adding the answers given
to the items corresponding to each mood state except interpersonal relationship [TMD =
(Tension + Depression + Anger + Fatigue + Confusion) - Vigor] [15].

Hooper questionnaire. The Hooper questionnaire was designed to provide a subjective
estimation of the prior night sleep as well as fatigue, stress and DOMS scores [17] The four
subjective evaluations were measured using a scale ranging from 1 (indicate very, very good
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Fig 1. Experimental design. POMS = profile of mood states questionnaire, RPE = rate of perceived exertion.

https://doi.org/10.1371/journal.pone.0300897.9001

for sleep; very, very low of fatigue, stress and DOMS) to 7 (represented very, very bad for sleep
quality, very, very high for fatigue, stress and DOMS) [18].

Digit cancellation. The digit cancellation (i.e., paper-pencil test) is a psychometric task
which evaluates information processing speed, the ability to focus attention and executive
functioning. It consists of 4 different shapes (A, B, C, and D) so that the subject cannot
memorize the contents of the shapes already made. This content consists of a number
composed of 2 to 5 digits. Participant must check off as many as possible 3-digit numbers
within one minute [16]. The number of correct answers was retained for the statistical
analyzes.

Rating of perceived exertion scale. This RPE was assessed using the category-ratio scale
of Borg (Borg CR10 scales). This RPE scale ranging from “1” to “10”, with corresponding
verbal expressions, that gradually increase with the intensity of perceived sensation (1 = Very,
Very Easy; 2 = Very Easy; 3 = Easy, 4 = Just Feeling a Strain; 5 = Starting to Get Hard; 6 =
Getting Quite Hard; 7 = Hard; 8 = Very Hard; 9 = Very, Very Hard; 10 = So Hard I am Going
to Stop) [19].

The long jump test. The long jump test was carried out in the field to determine the
performance in meter and it reflects the explosive strength of the lower limbs. The participant
started behind the call line, feet slightly apart, before the jump he bends the knees with his
arms extended backward with elbows bent. He jumps, rushing forward as far as possible, by
exercising a phase of flight during which he brings the legs back to the front and straightens
the knees and simultaneously swinging the arms. The distance jumped was measured using a
tape [20]. The long jump test has been well-established in previous literature for its reliability
and validity in assessing lower body power, particularly in adolescent populations. A previous
study has demonstrated high test-retest reliability (r = 0.96 and 0.90) and concurrent validity
both in male and females subject [20].

5m shuttle run test. The 5mSRT was utilized to assess participant’ agility and speed. It
has been widely validated and demonstrated to be a reliable measure of both total distance
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(r =0.98) and peak distance (r = 0.86) [21]. The 5mSRT is a series of six repetitions of 30-s
maximal shuttle sprints of increasing distances: 5 m, 10 m, 15 m, 20 m and 25 m. The covered
distance during each repetition was registered and the total distance (TD) as well as the
greatest distance (GD), the average distance (AD) and the fatigue index (FI) were calculated
according to Boddington et al. [21]:

o Total distance (TD) (m) = sum of distances covered during the 6 x 30-s shuttles
o The average distance (AD) (m) = TD/6

o Greatest distance (GD) (m) = highest distance covered during one of the 6 x 30-s shuttles
[(shuttle 1+ shuttle 2) — (shuttle 5+ shuttle 6)] |

(shuttle 1+ shuttle 2)

« Fatigue index (FI) (%) — 100

Statistical analyses

The statistical analysis was performed using STATISTICA Software (StatSoft, France, version
10). Data were presented as mean and standard deviation and Median and Interquartile range
values were reported for non-normal distribution data. The Shapiro-Wilk test was used to
check and confirm the normality of data sets.

For normally distributed data (i.e., TD and the AD recorded during the 5mSRT, confusion,
anger, fatigue, interpersonal relationship, vigor and TMD) a two-way- ANOVA (time-of-day
x exercise) with repeated measures was performed. As well, a one-way ANOVA was per-
formed for fatigue and DOMS. Post hoc comparisons were made using the Bonferroni test.

For non-normally distributed data (i.e., GD, FI and RPE scores recorded during the
5mSRT, anxiety and depression, sleep and stress) the Friedman non-parametric test was
applied. Pairwise comparisons were conducted using a Wilcoxon test.

Effect size for the normally distributed variables were calculated as partial eta-squared
(n,”) to estimate the meaningfulness of significant findings. Partial eta squared (n ?) effect size
values were reported and classified as 0.01 = small, 0.06 = medium, 0.14 = large [22]. For the
non-normally distributed variables, effect size was estimated by the Kendall's W coefficient of
concordance. The level of statistical significance was set at p < 0.05.

Results
5-m Shuttle run test

Total distance. Statistical analysis revealed a significant effect of time-of-day (Fy, ,o =
10.37, p = 0.004, n * = 0.34). The post hoc analysis showed that TD was significantly higher
in the morning compared to the afternoon during the 1* (p = 0.048) and the 2™ (p = 0.0016)
5mSRT. However, no significant differences between the two exercises were registered (F;, ,o =
0.20, p = 0.65, 1 * = 0.01). Likewise, there was no exercise x time-of-day interaction effect (F;,
0=1.056,p =0.31,1>=0.05) (Fig 2).

Average distance. There was a significant main effect of time-of-day (F,, ,o = 10.334, p = 0.004,
1,2 = 0.34). The post hoc test showed that AD was significantly higher in the morning compared
to the afternoon during the 1* (p = 0.048) and the 2™ (p = 0.0017) 5mSRT. However, there was
no significant main effect of exercise (Fy, o = 0.2, p = 0.65, r|P2 =0.009). Additionally, there was no
interaction effect between exercise and Time-of-day (Fy, 0,=1.05p=031, r]P2 =0.049) (Fig 2).

Greatest distance. The Friedman test revealed no significant effect of time-of-day and
exercise (Chi*=5.11, p = 0.16, Kendall’s W = 0.081) (Fig 2).

Fatigue index. Friedman test revealed a significant effect (Chi? = 9.05, p = 0.02, Kendall’s
W = 0.14). Pairwise comparisons showed that FI was significantly higher in the afternoon

PLOS ONE | https://doi.org/10.1371/journal.pone.0300897 March 26, 2025 5/14




PLOS ONE

Short-term repetitive maximal performance chronobiology in adolescents

114

112

110

108

106

104

Greatest Distance (m)

—
o
o

100

(V) (B)
108
* * % *
2 106
N
8 104
8
= 102
A T %
T £ 100
5
98
z
96
94
SmSRT-1 SmSRT-2 SmSRT-1 SmSRT-2
B Moming Afternoon EMoming = Afternoon
© D)
9 =
#
8 |
e
%
D
6
z 1
o 5
)
‘[ S 4
g
3
2
1
SmSRT-1 SmSRT-2 0
; SmSRT-1 SmSRT-2
®Moming  Afternoon ® Moming Aftemoon

Fig 2. Morning and afternoon total, average and greatest distance and fatigue index. 5mSRT-1 = 1* 5m shuttle run test, 5mSRT-2
= 2" 5m shuttle run test.

https://doi.org/10.1371/journal.pone.0300897.g002

compared to the morning during the 2" 5mSRT (p = 0.017). In addition, significant
differences between the two exercises in the morning with highest values were registered
during the 1** 5mSRT (p = 0.018) (Fig 2).

Rating of perceived exertion

A Friedman test conducted on RPE scores reported a significant effect (Chi? = 8.07, p = 0.04,
Kendall’s W = 0.12). Pairwise comparisons revealed no significant differences between the two
times of day during the 1* (p = 0.22) and the 2™ (p = 0.43) 5mSRT. However, there were sig-
nificant differences between the two exercises in the morning with the highest values recorded
during the 2" 5mSRT (p = 0.015) (Fig 3).

Long jump test

A significant effect of measure was recorded (F;, o = 2.89, p = 0.04, npz =0.12). The Bonfer-
roni test revealed significant differences between the 1% measure and the 3" measure in the
morning with highest values registered during the 3 measure (p = 0.037). Additionally, the
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Fig 3. Morning and afternoon rate of perceived exertion. RPE = rate of perceived exertion, 5mSRT-1 = 1 5m shuttle run
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Bonferroni test showed significant differences between the 1* measure and the 4™ measure in
the morning with highest values registered during the 4" measure (p = 0.009). However, there
was no significant main effect of time-of-day (F, 60 = 1.31, p = 0.26, n ? = 0.06). Likewise,
there was no time-of-day x measure interaction (F,, 60 = 2.38, p = 0.07, 1 * = 0.1) (Fig 4).

Attention scores

Statistical analysis reported no significant main effect of time-of-day (Fy, ;o = 0.29, p
=0.59, np2 = 0.014). However, there was a significant main effect of measure (F,, 60 =
12.009, p = 0.000003, 1, * = 0.37). The post hoc analysis showed significant differences
between the attention scores recorded during the 1* and the 2™ measure in the morning
with highest values during the 2" one (p = 0.0005). Also, there were significant differ-
ences between the attention scores recorded during the 1% measure and the 3" measure in
the morning with highest values during the 3™ measure (p = 0.009) as well as between the
1** measure and the 4™ measure in the morning with highest values during the 4* measure
(p = 0.00005) (Fig 5).

Furthermore, statistical analysis revealed a significant time-of-day x measure interac-
tion (F,, 60 = 2.87, p = 0.04, n * = 0.12). The Bonferroni test revealed significant differences
between the 1 measure in the morning and the 2" measure in the afternoon with highest
values registered in the afternoon (p = 0.005). Likewise, there were significant differences
between the 1 measure in the afternoon and the 4™ measure in the morning with highest val-
ues during the 4™ one (p = 0.043) and finally between the 1* measure in the morning and the
4 measure in the afternoon with highest values during the 4™ one (p = 0.012).

Profile of mood states questionnaire

There were no significant differences between the two times of day for anger, fatigue, as well
as confusion, vigor, TMD and interpersonal relationships (Table 1). Similarly, no significant
differences between the beginning and the end of session were registered for anger, confusion
and TMD (Table 1). Also, no significant differences between the beginning and the end of ses-
sion in the morning and afternoon for fatigue as well as for vigor and interpersonal relation-
ships were reported (p > 0.05). Statistical analysis revealed no significant differences for anger,
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confusion, fatigue, vigor, interpersonal relationships and TMD according to the session and
the time-of-day (Table 1).

Concerning anxiety and depression, Friedman test showed no significant differences
between the two times and between the beginning and the end of session (Table 1).

Hooper questionnaire

Fatigue, DOMS, sleep and stress scores are presented in Table 2.

Fatigue. ANOVA test reported a significant effect of time-of-day (Table 2). The post
hoc analysis showed that fatigue was significantly higher in the afternoon compared to the
morning (p = 0.03).
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Table 1. Anger, confusion, fatigue, vigor, anxiety, depression, interpersonal relationship and total mood disturbances (TMD) scores assessed by the profile of
mood states questionnaire during each session in the morning and the afternoon.

Beginning of the session End of the session ANOVA
Morning Afternoon | Morning Afternoon | Time-of-day Measure Interaction
Anger (a.u.) 5714639 643614 |576+598 624392 |F,,=15p=023, |F, =0018p=089n2=00009 F, =0078p=078,
n,2=0.07 n,? = 0.003
Confusion (a.u.) 538+4.14 610%392 (524+348 529+270 |F, =031,p=058, |F =068,p=041,1?=003 |F =053p=047,
n,’ =0.01 n,’ = 0.026
Fatigue (a.u.) 390+4.68 | 548+544 |543%430 | 671+509 |F, =348,p=007, |F_ =690,p=001,n?=025 |F_ =0057p=08l,
n,’=0.14 n,’ = 0.002
Vigor (a.u.) 24004460 |21.90+54 |21.14+638 208658 |F, =208,p=016 |F =458p=0041>=018 |F =157,p=022
n>=0.09 n>=0.07
Interpersonal 1881 +4.66 | 201053 |1695+538 177151 |F  =182,p=019, |F_ =1068,p=00031n2=034 F_ =0.16,p=0.68,
relationship (a.u.) n,’> = 0.08 n,> =0.008
Total mood distur- -0.71 £21.98 | 5.52 +26.8 3.00+£19.15 |590+132 |F, =3.69,p=006, |F kA =0.59p=045, I]PZ =0.02 F ,,=0.62,p=0.43,
bances score (a.u.) n*=0.15 n,>=0.03
Friedman test
Anxiety (a.u.) 3(1;7) 5(3;7) 4(2;6) 4(47) Chi? = 5.20, p = 0.15, Kendall's W = 0.082
Depression (a.u.) 1(0; 3) 1(0; 4) 1(0; 3) 1(0; 3) Chi? = 1.34, p = 0.71, Kendall's W = 0.021

Note: values are presented as means + SD for anxiety and depression, values are presented as Median (Quartilel; quartile 3); a.u arbitrary units.

https://doi.org/10.1371/journal.pone.0300897.t1001

Table 2. Fatigue, delayed onset muscle soreness (DOMS), stress and sleep recorded in the morning and the after-
noon by the Hooper questionnaire.

Morning Afternoon ANOVA
Fatigue (a.u.) 3.05+0.86 3.62 + F , =545p=003, npz =0.21
1.12°
DOMS (a.u.) 2.86 + 1.31 3.24 +1.37 F, 50 =093,p=0.34, r]Dz =0.04
Friedman test
Stress (a.u.) 2(2;3) 3(3;4) Chi? = 6.25, p = 0.01, Kendall's W = 0.29
Sleep (a.u.) 2(1;3) 3(3;3)" Chi? = 7.11, p = 0.007, Kendall’s W = 0.33

Note: values are presented as mean + SD for stress and sleep, values are expressed as median (Quartilel; quartile 3);

“Significant difference for comparison of the time-of-day; a.u arbitrary units.

https://doi.org/10.1371/journal.pone.0300897.t002

DOMS. ANOVA test revealed no significant effect of time-of-day (Table 2).
Sleep. Friedman test revealed a significant main effect of time-of-day (Table 2). The
statistical analysis showed that sleep was significantly higher in the afternoon compared to the

morning (p = 0.01).

Stress. Friedman test revealed a significant main effect of time-of-day (Table 2). The
statistical analysis showed that the stress was significantly higher in the afternoon compared to

the morning (p = 0.027).
Raw data are shown in S1

Discussion

Table.

The main findings of the current study were: (i) TD and AD recorded during the 5mSRT
followed a diurnal variation with values significantly higher in the morning compared to
the afternoon during the 1* and 2™ 5mSRT, while GD was time-of-day independent, (ii) FI
was significantly higher in the afternoon compared to the morning during the 2™ 5mSRT,
(iii) attention, long jump test as well as mood state, RPE and DOMS were time-of-day
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independent and (iv) fatigue, sleep and stress estimated by the Hooper questionnaire were
higher in the afternoon compared to the morning.

In contradiction with the present study’ findings concerning TD and AD during the
5mSRT, Belkhir et al. [3] and Souissi et al. [23] reported higher TD in the afternoon. Addi-
tionally, Pullinger et al. [24] reported better repeated sprint performance on a non-motorized
treadmill in the afternoon compared to the morning with an average time-of-day difference of
~8% in distance covered, average power, and average velocity. However, Chtourou et al. [10]
showed that performance during a repetitive sprint exercise was not significantly different
between the morning and afternoon.

The extent of daily performance variation is influenced by various factors, including fitness
level [25], chronotype [26] and social activities [27]. Considering the participants’ fitness
levels, Atkinson et al. [25] reported a greater morning-afternoon difference in performance in
physically active compared to inactive participants. However, this depends on the time-of-day
of training [2] and the chronotype [26]. Indeed, adolescents shift from morningness to eve-
ningness between 12 and 14 years [28]. However, early school schedules can disrupt natural
sleep patterns in children and adolescents [29] and, therefore, this shift in chronotype. In the
present study, participants reported better perceived sleep quality measured by the Hooper
questionnaire in the morning. All these factors could, in part, explain the higher performance
observed in the morning.

For the GD during the 5mSRT, the present study’ results showed that performance was not
affected by the time-of-day in agreement with the previous study of Chtourou et al. [10] and
Giacomoni et al. [30] who observed no significant diurnal variation in performance during
repeated sprint tests. This non significant time-of-day effect could be attributed to the
pre-exercise warm-up. Indeed, Souissi et al. [31] reported that the amplitude of the diurnal
variation in short-term maximal performance was reduced after a 10 min warm-up (the
duration used in the present study). Also, this warm-up could explain the absence of a diurnal
variation of the long jump performance.

Indeed, it has been suggested that higher core temperature in the afternoon enhance these
peripheral mechanisms of muscular contraction, thus increasing short-term maximal perfor-
mance [32].

Furthermore, in consistency with the results of previous studies [23,33,34], FI recorded
during the present study was higher in the afternoon compared to the morning during the
2" 5mSRT which suggests that athletes are more exhausted in the afternoon when perform-
ing maximum and repeated efforts. Likewise, subjective fatigue recorded by the Hooper
questionnaire was higher in the afternoon compared to the morning. The improved physical
performance during the 5mSRT and reduced fatigue observed in the morning may be partially
attributed to the better sleep quality perception at this time-of-day. Also, stress scores mea-
sured by the Hooper questionnaire were significantly higher in the afternoon compared to the
morning.

However, the present study did not report a significant difference between the morning
and afternoon for fatigue scores recorded by the POMS questionnaire, RPE scores and muscle
soreness scores estimated by the Hooper questionnaire. Also, mood states recorded by POMS
questionnaire subscales (i.e., tension, depression, anger, confusion, vigor, interpersonal rela-
tionship and total mood score) were not affected by the time-of-day. Thus, all these parame-
ters are not related to changes in performances.

Regarding attention, the present study displayed no significant difference between morning
and afternoon. This result is not in agreement with those previously reported by Jarraya et al.
[35], which showed that constant attention in Tunisian children was time-of-day dependent,
with better values recorded at 09h00. Similarly, Jarraya et al. [36] demonstrated that cognitive
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performance (i.e., selective and constant attention) in handball goalkeepers were time-of-day
dependent, with higher performance being recorded in the morning. These differences may be
due to the days chosen for testing, as Jarraya et al. [35] noted that midweek days like Thursdays
often align with peak school performance. Additionally, individual circadian preferences, with
morning types are better in the morning and evening types performing better later in the day,
significantly influence performance. Previous studies, such as those by Schmidt et al. [37] and
Goldstein et al. [7] have shown that cognitive performance and behavioral issues vary according
to circadian preferences. Finally, we acknowledge some limitations in the present study. Spe-
cifically, we did not control for the menstrual cycle of adolescent girls. The menstrual cycle can
affect body temperature, hormone levels, mood, and sleep patterns, potentially influencing daily
performance variations. Future research should include menstrual cycle tracking to more accu-
rately understand these factors and their impact on performance, especially in adolescents [5].

Another limitation of the study was that we analyzed the response to exercise conducted
only at two times of the day (i.e., 08h00 and 16h00). Therefore, future studies should involve
conducting testing and measurements more frequently throughout the day, such as every
2h, e.g,, at 07h00, 09h00, 11h00, 13h00, 15h00h, to allow better understanding of the whole
diurnal variation.

The lack of motivation assessment was a significant limitation of the study. Circadian
rhythm affects motivation, and high levels of motivation are associated with better cognitive
performance especially for this age category. Thus, the inclusion of subjective motivation
measurement in future research could assist in the interpretation of data.

One additional limitation worth mentioning is the lack of assessment of participants chro-
notype, which affects circadian rhythms and performance. Chronotype, influenced by age
and sex, typically shows a morning preference as individuals age and varies between genders
[26]. This parameter could vary also according the school schedules (i.e., vacation,
non-vacation). Future research should include chronotype assessment to better understand
its impact on physical and mental performance among adolescent athletes [38]. Furthermore,
the lack of body temperature measurement was a significant limitation of the study, as it
prevented us from assessing whether it changes according to the time-of-day and restricted
our understanding of how body temperature fluctuations may have influenced our results.
Indeed, it has been reported that physical performance can increase by approximately 5%
with a 1°C rise in muscle temperature, particularly due to increased enzymes activity such as
phosphofructokinase and lactate dehydrogenase [39].

Conclusions

The results of the present study highlighted a diurnal variation of physical performance mea-
sured during two 5mSRT tests with highest values of TD and AD in the morning; while GD
was time-of-day independent. Furthermore, FI recorded during the 5mSRT and the subjective
fatigue measured by the Hooper questionnaire were time-of-day dependent with higher values
in the afternoon. Additionally, the sleep scores estimated by the Hooper questionnaire was
better in the morning. In general, better physical performance and lower fatigue in the morn-
ing can be linked to a good sleep quality observed in the morning. Additionally, higher stress
score recorded in the afternoon could explain the impaired performance in the afternoon as
well as the fatigue increases. Therefore, based on our findings of enhanced physical perfor-
mance, specifically in terms of total distance and average distance, during morning assess-
ments, we recommend scheduling training sessions involving repeated sprints accordingly.
However, the present study reported that attention, long jump performance, mood states,
perceived exertion and muscle soreness were time-of-day dependent.

PLOS ONE | https://doi.org/10.1371/journal.pone.0300897 March 26, 2025 1/14




PLOS ONE

Short-term repetitive maximal performance chronobiology in adolescents

Supporting information

S1 Table. Full raw data.
(XLSX)

Acknowledgments
The authors thank the athletes who participated in this study.

Author contributions

Conceptualization: Rawdha Hasni, Hamdi Chtourou.

Data curation: Rawdha Hasni.

Formal analysis: Rawdha Hasni, Ibrahim Ouergui, Hamdi Chtourou.

Investigation: Rawdha Hasni, Ibrahim Ouergui, Achraf Ammar, Khaled Trabelsi, Luca Paolo
Ardigo, Hamdi Chtourou.

Methodology: Rawdha Hasni, Ibrahim Ouergui, Hamdi Chtourou.

Project administration: Ibrahim Ouergui, Hamdi Chtourou.

Resources: Rawdha Hasni, Hamdi Chtourou.

Software: Rawdha Hasni.

Supervision: Ibrahim Ouergui, Hamdi Chtourou.

Validation: Rawdha Hasni, Ibrahim Ouergui, Achraf Ammar, Khaled Trabelsi, Hamdi Chtourou.
Visualization: Rawdha Hasni, Ibrahim Ouergui, Hamdi Chtourou.

Writing - original draft: Rawdha Hasni, Ibrahim Ouergui, Achraf Ammar, Khaled Trabelsi,
Hamdi Chtourou.

Writing - review & editing: Rawdha Hasni, Ibrahim Ouergui, Achraf Ammar, Khaled
Trabelsi, Luca Paolo Ardigo, Hamdi Chtourou.

References

1. Ravindrakumar A, Bommasamudram T, Tod D, Edwards BJ, Chtourou H, Pullinger SA. Daily variation
in performance measures related to anaerobic power and capacity: a systematic review. Chronobiol Int.
2022;39(3):421-55. https://doi.org/10.1080/07420528.2021.1994585 PMID: 34978950

2. Chtourou H, Souissi N. The effect of training at a specific time of day: a review. J Strength Cond Res.
2012;26(7):1984—2005. https://doi.org/10.1519/JSC.0b013e31825770a7 PMID: 22531613

3. BelkhirY, Rekik G, Chtourou H, Souissi N. Listening to neutral or self-selected motivational music
during warm-up to improve short-term maximal performance in soccer players: Effect of time of day.
Physiol Behav. 2019;204:168-73. https://doi.org/10.1016/j.physbeh.2019.02.033 PMID: 30817975

4. Testu F, Bréchon G. Rythmes de vie et rythmes scolaires: aspects chronobiologiques et chronopsy-
chologiques. Issy-les-Moulineaux: Elsevier Masson; 2008. p. 192.

5. Nunes RSM, Freitas AFL, Vieira E. The influence of time of day on the performance of adolescent
swimmers. Chronobiol Int. 2021;38(8):1177-85. hitps://doi.org/10.1080/07420528.2021.1912074 PMID:
33843407

6. Russo PM, Bruni O, Lucidi F, Ferri R, Violani C. Sleep habits and circadian preference in ltalian chil-
dren and adolescents. J Sleep Res. 2007;16(2):163-9. https://doi.org/10.1111/].1365-2869.2007.00584.x
PMID: 17542946

7. Goldstein D, Hahn CS, Hasher L, Wiprzycka UJ, Zelazo PD. Time of day, intellectual performance, and
behavioral problems in morning versus evening type adolescents: is there a synchrony effect? Pers
Individ Dif. 2007;42(3):431—-40. https://doi.org/10.1016/j.paid.2006.07.008 PMID: 17268574

8. Ouergui |, Delleli S, Chtourou H, Selmi O, Bouassida A, Bouhlel E, et al. Diurnal variation of specific
tests’ performance and related psychological aspects in young judo athletes. Res Q Exerc Sport.
2023;94(3):687-97. https://doi.org/10.1080/02701367.2022.2043547 PMID: 35499504

PLOS ONE | hitps://doi.org/10.1371/journal.pone.0300897 March 26, 2025 12/14



http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0300897.s001
https://doi.org/10.1080/07420528.2021.1994585
http://www.ncbi.nlm.nih.gov/pubmed/34978950
https://doi.org/10.1519/JSC.0b013e31825770a7
http://www.ncbi.nlm.nih.gov/pubmed/22531613
https://doi.org/10.1016/j.physbeh.2019.02.033
http://www.ncbi.nlm.nih.gov/pubmed/30817975
https://doi.org/10.1080/07420528.2021.1912074
http://www.ncbi.nlm.nih.gov/pubmed/33843407
https://doi.org/10.1111/j.1365-2869.2007.00584.x
http://www.ncbi.nlm.nih.gov/pubmed/17542946
https://doi.org/10.1016/j.paid.2006.07.008
http://www.ncbi.nlm.nih.gov/pubmed/17268574
https://doi.org/10.1080/02701367.2022.2043547
http://www.ncbi.nlm.nih.gov/pubmed/35499504

PLOS ONE

Short-term repetitive maximal performance chronobiology in adolescents

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

Hill DW, Chtourou H. The effect of time of day and chronotype on the relationships between mood
state and performance in a Wingate test. Chronobiol Int. 2020;37(11):1599—-610. https://doi.org/10.108
0/07420528.2020.1786394 PMID: 32924652

Chtourou H, Engel FA, Fakhfakh H, Fakhfakh H, Hammouda O, Ammar A, et al. Diurnal variation of
short-term repetitive maximal performance and psychological variables in elite judo athletes. Front
Physiol. 2018;9:1499. https://doi.org/10.3389/fphys.2018.01499 PMID: 30416454

Hammouda O, Chtourou H, Chahed H, Ferchichi S, Chaouachi A, Kallel C, et al. High intensity
exercise affects diurnal variation of some biological markers in trained subjects. Int J Sports Med.
2012;33(11):886-91. https://doi.org/10.1055/s-0032-1301887 PMID: 22791622

Alfonsi V, Palmizio R, Rubino A, Scarpelli S, Gorgoni M, DAtri A, et al. The association between
school start time and sleep duration, sustained attention, and academic performance. Nat Sci Sleep.
2020;12:1161-72. hitps://doi.org/10.2147/NSS.S273875 PMID: 33328774

Giannotti F, Cortesi F, Sebastiani T, Ottaviano S. Circadian preference, sleep and daytime behaviour
in adolescence. J Sleep Res. 2002;11(3):191-9. https://doi.org/10.1046/j.1365-2869.2002.00302.x

di Cagno A, Battaglia C, Giombini A, Piazza M, Fiorilli G, Calcagno G, et al. Time of day - effects on
motor coordination and reactive strength in elite athletes and untrained adolescents. J Sports Sci
Med. 2013;12(1):182—-9. PMID: 24149743

Cayrou S, Dickes P, Dolbeault S. French version of the Profile of Mood State (POMS-f). Sci Sport.
2003;13:83-8.

Hatta T, Yoshizaki K, Ito Y, Mase M, Kabasawa H. Reliability and validity of the digit cancellation test,
a brief screen of attention. Psychologia: Int J Psychol Sci. 2012;55(4):246-56. https://doi.org/10.2117/
psysoc.2012.246

Hooper SL, Mackinnon LT, Howard A, Gordon RD, Bachmann AW. Markers for moni-

toring overtraining and recovery. Med Sci Sports Exerc. 1995;27(1):106—12. https://doi.
0rg/10.1249/00005768-199501000-00019

Hooper SL, Mackinnon LT. Monitoring overtraining in athletes. Recommendations. Sports Med.
1995;20(5):321-7. https://doi.org/10.2165/00007256-199520050-00003 PMID: 8571005

Borg GAV. Psychophysical bases of perceived exertion. Med Sci Sports Exerc. 1982;14(5):377-81.
https://doi.org/10.1249/00005768-198205000-00012

Rahman ZA. Reliability, validity, and norm references of standing broad jump. Rev Gest Inov E Tecnol.
2021;11(3):1340-54. https://doi.org/10.47059/revistageintec.v11i3.2014

Boddington MK, Lambert MI, St Clair Gibson A, Noakes TD. Reliability of a 5-m multiple shuttle test. J
Sports Sci. 2001;19(3):223-8. hitps://doi.org/10.1080/026404101750095394 PMID: 11256826

Cohen J. A power primer. Psychol Bull. 1992;112(1):155-9. https://doi.org/10.1037//0033-
2909.112.1.155 PMID: 19565683

Souissi Y, Souissi M, Chtourou H. Effects of caffeine ingestion on the diurnal variation of cognitive
and repeated high-intensity performances. Pharmacol Biochem Behav. 2019;177:69—74. https://doi.
org/10.1016/j.pbb.2019.01.001 PMID: 30611752

Pullinger SA, Brocklehurst EL, Iveson RP, Burniston JG, Doran DA, Waterhouse JM, et al. Is
there a diurnal variation in repeated sprint ability on a non-motorised treadmill? Chronobiol Int.
2014;31(3):421-32. hitps://doi.org/10.3109/07420528.2013.865643 PMID: 24328815

Atkinson G, Coldwells A, Reilly T, Waterhouse J. A comparison of circadian rhythms in work perfor-
mance between physically active and inactive subjects. Ergonomics. 1993;36(1-3):273-81. https://doi.
0rg/10.1080/00140139308967882 PMID: 8440222

Adan A, Archer SN, Hidalgo MP, Di Milia L, Natale V, Randler C. Circadian typology: a comprehensive
review. Chronobiol Int. 2012;29(9):1153-75. https://doi.org/10.3109/07420528.2012.719971 PMID: 23004349

Arrona-Palacios A, Diaz-Morales JF, Adan A. Sleep habits and circadian preferences in school-aged
children attending a Mexican double-shift school system. Sleep Med. 2021;81:116-9. https://doi.
org/10.1016/j.sleep.2021.02.016 PMID: 33652226

Randler C. Age and gender differences in morningness-eveningness during adolescence. J Genet
Psychol. 2011;172(3):302-8. https://doi.org/10.1080/00221325.2010.535225 PMID: 21902008

Crowley SJ, Wolfson AR, Tarokh L, Carskadon MA. An update on adolescent sleep: new evidence
informing the perfect storm model. J Adolesc. 2018;67:55-65. https://doi.org/10.1016/j.adoles-
cence.2018.06.001 PMID: 29908393

Giacomoni M, Billaut F, Falgairette G. Effects of the time of day on repeated all-out cycle per-
formance and short-term recovery patterns. Int J Sports Med. 2006;27(6):468—74. hitps://doi.
org/10.1055/s-2005-865822 PMID: 16586326

PLOS ONE | https://doi.org/10.1371/journal.pone.0300897 March 26, 2025 13/14



https://doi.org/10.1080/07420528.2020.1786394
https://doi.org/10.1080/07420528.2020.1786394
http://www.ncbi.nlm.nih.gov/pubmed/32924652
https://doi.org/10.3389/fphys.2018.01499
http://www.ncbi.nlm.nih.gov/pubmed/30416454
https://doi.org/10.1055/s-0032-1301887
http://www.ncbi.nlm.nih.gov/pubmed/22791622
https://doi.org/10.2147/NSS.S273875
http://www.ncbi.nlm.nih.gov/pubmed/33328774
https://doi.org/10.1046/j.1365-2869.2002.00302.x
http://www.ncbi.nlm.nih.gov/pubmed/24149743
https://doi.org/10.2117/psysoc.2012.246
https://doi.org/10.2117/psysoc.2012.246
https://doi.org/10.1249/00005768-199501000-00019
https://doi.org/10.1249/00005768-199501000-00019
https://doi.org/10.2165/00007256-199520050-00003
http://www.ncbi.nlm.nih.gov/pubmed/8571005
https://doi.org/10.1249/00005768-198205000-00012
https://doi.org/10.47059/revistageintec.v11i3.2014
https://doi.org/10.1080/026404101750095394
http://www.ncbi.nlm.nih.gov/pubmed/11256826
https://doi.org/10.1037//0033-2909.112.1.155
https://doi.org/10.1037//0033-2909.112.1.155
http://www.ncbi.nlm.nih.gov/pubmed/19565683
https://doi.org/10.1016/j.pbb.2019.01.001
https://doi.org/10.1016/j.pbb.2019.01.001
http://www.ncbi.nlm.nih.gov/pubmed/30611752
https://doi.org/10.3109/07420528.2013.865643
http://www.ncbi.nlm.nih.gov/pubmed/24328815
https://doi.org/10.1080/00140139308967882
https://doi.org/10.1080/00140139308967882
http://www.ncbi.nlm.nih.gov/pubmed/8440222
https://doi.org/10.3109/07420528.2012.719971
http://www.ncbi.nlm.nih.gov/pubmed/23004349
https://doi.org/10.1016/j.sleep.2021.02.016
https://doi.org/10.1016/j.sleep.2021.02.016
http://www.ncbi.nlm.nih.gov/pubmed/33652226
https://doi.org/10.1080/00221325.2010.535225
http://www.ncbi.nlm.nih.gov/pubmed/21902008
https://doi.org/10.1016/j.adolescence.2018.06.001
https://doi.org/10.1016/j.adolescence.2018.06.001
http://www.ncbi.nlm.nih.gov/pubmed/29908393
https://doi.org/10.1055/s-2005-865822
https://doi.org/10.1055/s-2005-865822
http://www.ncbi.nlm.nih.gov/pubmed/16586326

PLOS ONE

Short-term repetitive maximal performance chronobiology in adolescents

31.

32.

33.

34.

35.

36.

37

38.

39.

Souissi N, Driss T, Chamari K, Vandewalle H, Davenne D, Gam A, et al. Diurnal variation in Wingate
test performances: influence of active warm-up. Chronobiol Int. 2010;27(3):640-52. https://doi.org/10.
3109/07420528.2010.483157 PMID: 20524806

Belkhir Y, Rekik G, Chtourou H, Souissi N. Effect of listening to synchronous versus motivational
music during warm-up on the diurnal variation of short-term maximal performance and subjective
experiences. Chronobiol Int. 2020;37(11):1611-20. https://doi.org/10.1080/07420528.2020.1797764
PMID: 32741226

Lericollais R, Gauthier A, Bessot N, Davenne D. Diurnal evolution of cycling biomechanical parame-
ters during a 60-s Wingate test. Scand J Med Sci Sports. 2011;21(6):e106-14. https://doi.org/10.1111/
j-1600-0838.2010.01172.x PMID: 20807387

Souissi N, Gauthier A, Sesbouié B, Larue J, Davenne D. Circadian rhythms in two types of anaerobic
cycle leg exercise: force-velocity and 30-s Wingate tests. Int J Sports Med. 2004;25(1):14-9. https://
doi.org/10.1055/s-2003-45226 PMID: 14750007

Jarraya S, Jarraya M, Souissi N. Diurnal Variations And Weekly Pattern Of Cognitive Performances in
Tunisian Children. Int Online J Educ Sci. 2016;8(5). hitps://doi.org/10.15345/i0jes.2016.05.007

Jarraya S, Jarraya M, Chtourou H, Souissi N. Diurnal variations on cognitive performances in hand-
ball goalkeepers. Biol Rhythm Res. 2013;45(1):93—-101. https://doi.org/10.1080/09291016.2013.811032

Schmidt C, Collette F, Cajochen C, Peigneux P. A time to think: circadian rhythms in human cogni-
tion. Cogn Neuropsychol. 2007;24(7):755-89. https://doi.org/10.1080/02643290701754158 PMID:
18066734

Lastella M, Roach GD, Halson SL, Sargent C. Sleep/wake behaviours of elite athletes from individual
and team sports. Eur J Sport Sci. 2015;15(2):94-100. https://doi.org/10.1080/17461391.2014.932016
PMID: 24993935

Hammouda O, Chahed H, Chtourou H, Ferchichi S, Miled A, Souissi N. Morning-to-evening difference
of biomarkers of muscle injury and antioxidant status in young trained soccer players. Biol Rhythm
Res. 2012;43(4):431-8. https://doi.org/10.1080/09291016.2011.599638

PLOS ONE | hitps://doi.org/10.1371/journal.pone.0300897 March 26, 2025 14/14



https://doi.org/10.3109/07420528.2010.483157
https://doi.org/10.3109/07420528.2010.483157
http://www.ncbi.nlm.nih.gov/pubmed/20524806
https://doi.org/10.1080/07420528.2020.1797764
http://www.ncbi.nlm.nih.gov/pubmed/32741226
https://doi.org/10.1111/j.1600-0838.2010.01172.x
https://doi.org/10.1111/j.1600-0838.2010.01172.x
http://www.ncbi.nlm.nih.gov/pubmed/20807387
https://doi.org/10.1055/s-2003-45226
https://doi.org/10.1055/s-2003-45226
http://www.ncbi.nlm.nih.gov/pubmed/14750007
https://doi.org/10.15345/iojes.2016.05.007
https://doi.org/10.1080/09291016.2013.811032
https://doi.org/10.1080/02643290701754158
http://www.ncbi.nlm.nih.gov/pubmed/18066734
https://doi.org/10.1080/17461391.2014.932016
http://www.ncbi.nlm.nih.gov/pubmed/24993935
https://doi.org/10.1080/09291016.2011.599638

