@1 LIVERPOOL
JOHN MOORES

UNIVERSITY

LIMU Research Online

Edwards, B, Brotherton, E, Markov, A, Toussaint, T, Giacomoni, M, Gallagher,
C and Pullinger, SA

Exploring a Critical Threshold in Sleep Loss on Subsequent Evening
Performance, Following Two Nights Partial Sleep Restriction: A Secondary
Analysis is Implementing a Post-lunch Nap Beneficial?

https:/lresearchonline.ljmu.ac.ukl/id/eprint/26921/

Article

Citation (please note it is advisable to refer to the publisher’s version if you
intend to cite from this work)

Edwards, B ORCID logoORCID: https:/lorcid.org/0000-0001-8913-0941,
Brotherton, E, Markov, A, Toussaint, T, Giacomoni, M, Gallagher, C ORCID
logoORCID: https:/lorcid.org/0000-0002-0712-4482 and Pullinger, SA (2025)
Explorina a Critical Threshold in Sleen Loss on Subseauent Evenina
LIMU has developed LIMU Research Online for users to access the research output of the
University more effectively. Copyright © and Moral Rights for the papers on this site are retained by
the individual authors and/or other copyright owners. Users may download and/or print one copy of
any article(s) in LIMU Research Online to facilitate their private study or for non-commercial research.
You may not engage in further distribution of the material or use it for any profit-making activities or
any commercial gain.

The version presented here may differ from the published version or from the version of the record.
Please see the repository URL above for details on accessing the published version and note that
access may require a subscription.

For more information please contact researchonline@I|jmu.ac.uk

http://researchonline.ljmu.ac.uk/


http://researchonline.ljmu.ac.uk/
mailto:researchonline@ljmu.ac.uk

W) Check for updates

Brain and Behavior W I L E Y

Brain and Behavior

| ORIGINAL ARTICLE @EEEDD

Exploring a Critical Threshold in Sleep Loss on Subsequent
Evening Performance, Following Two Nights Partial Sleep
Restriction: A Secondary Analysis is Implementing a
Post-lunch Nap Beneficial?

Ben Joseph Edwards' | Ellis Brotherton' | Adrian Markov! | Theresa Toussaint? | Magali Giacomoni®
Chloe Gallagher! | Samuel Andrew Pullinger*

!Research Institute for Sport and Exercise Sciences, Liverpool John Moores University, Liverpool, UK | 2Philipps-Universitit Marburg, Marburg, Germany |
3UFR STAPS, Laboratoire J-AP2S, Université De Toulon, Toulon, France | *Sport Science Department, Inspire Institute of Sport, Vidyanagar, India

Correspondence: Ben Joseph Edwards (B.J.Edwards@ljmu.ac.uk)
Received: 10 May 2025 | Accepted: 9 July 2025

Funding: This research received funding through internal grants in the Research Institute for Sport and Exercise Sciences at Liverpool John Moores University.

ABSTRACT

Purpose:: We investigated sleep-restriction (SR, two nights) on evening (5:00 p.m.) weightlifting and effects following a 1-h nap.
Thirty strength-trained males were allocated into two groups, either 4-h [SR,] or 3-h sleep [SR;], retiring at either 02:30 or 03:30
p.m. and waking at 06:30 p.m. for two nights), with 5:00 p.m. grip-strength and bench-press; and whether performance improves
at 5:00 p.m. after a 1:00 p.m. nap (0 or 60-min).

Method: Both groups undertook a one-repetition-max (IRM) for bench press and were randomly allocated either condition (i)
no (N,) then (ii) a 60-min nap (Ng,). Intra-aural temperature/profile-of-mood-scores/alertness/tiredness/sleepiness values were
measured at 08:00 a.m., 11:00 a.m., 2:00 p.m., and 5:00 p.m. following the two nights of SR. At 5:00 p.m., a warm-up, right-hand
grip strength, followed by lifts (40, 60, and 80% of 1RM) for bench press with recovery occurred. A linear encoder, attached to
the bar, measured peak-power (PP), peak-velocity (PV), displacement (D) and time-to-peak velocity (tPV). Grip strength was not
affected by SR or nap (p > 0.005). PP and PV were lower and tPV longer in the SR, versus SR; group, reflecting a higher IRM.
Lower tiredness/fatigue/confusion/sleepiness and an increase in alertness in the SR, group than SR; reflecting effects of greater
sleep loss on tiredness/alertness/sleepiness/mood. Time-of-day effects were shown in temperature/subjective/mood-responses (p
< 0.05), with positive modifications in sleepiness/alertness/tiredness after the 1-h nap at 1:00 p.m. in both the SR; an SR, groups.
Finding: Improvements in PV after the 1-h nap were only found in the SR; condition (p = 0.029). In summary, a dose-response
of sleep loss on subjective values and mood was found (SR; worse than SR,). But not grip-strength or bench-press -strength being
resistant to sleep loss and a stronger cohort in the SR; than the SR, group.

Conclusion: Implementing a nap (N,,) improved alertness/vigor/happiness and some strength measures (fPV) for bench press
compared to N, but this was only effective for the SR, condition.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is properly
cited.
© 2025 The Author(s). Brain and Behavior published by Wiley Periodicals LLC.
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1 | Introduction

Sleep is fundamental to animal life, as it has a restorative
effect on many physiological systems, including immune and
endocrine functions, to recover from the waking phase of the
day, and it plays a role in learning and memory (Doherty et al.,
2019). In humans, less sleep than needed leads to detrimental
changes in cellular restitution, brain detoxification, growth, and
repair (Watson et al., 2015). Similarly, more sleep than needed
is also not recommended, as it would impair the active phase
of the sleep-wake cycle (Walsh et al., 2021). Sleep also plays
a major role as a recovery strategy in athletes (Walsh et al,,
2019; 2021). Partial sleep restriction (SR), that is a reduction
in the habitual sleep within a 24-h period is common in the
western adult population, with around half taking less than
recommended (7-9 h per night; Hirshkowitz et al., 2015; Craven
et al., 2022). It is thought that athletes may exhibit poor sleep
quality and duration due to demands of training/competition,
as well as transmeridian travel challenging circadian rhythms
and individual sleep phenotypes and environmental factors
(de Mello et al. 2025). Resulting in sleep durations of ~6.6 h
per night, with poor sleep quality within this period (Sargent
et al., 2014; Walsh et al., 2021; Craven et al., 2022; Simpson et al.,
2017).

Circadian rhythm disturbances to the sleep-wake cycle can be
detrimental to physiological and psychological measures, result-
ing in reductions in cognitive function and some components of
sport, with greater negative effects the more sleep loss (Reilly
and Edwards, 2007; Souissi et al., 2008). The effects of sleep
loss on cognition have been extensively investigated (Thun
et al., 2015), and to a lesser extent so has sporting performance
(Leeder et al., 2012; Walsh et al.,, 2021). A dose-response to
sleep loss has been proposed, where different amounts of sleep
loss (compared to habitually taken per night) for a number of
nights (7-14 days) as well as short-term sleep restriction (24-
48 h) have been shown to negatively affect mood, performance in
psychomotor vigilance tests or cognitive performance (attention,
working memory, and executive function), metabolic function,
and psychological health (Van Dongen et al., 2003, 2004; Belenky
et al., 2003; Banks et al., 2010; Lim & Dinges, 2010; Goel et al.,
2009).

Belenky et al. (2003) examined the cumulative effects of chronic
sleep restriction by assigning participants to one of four sleep
duration conditions (3, 5, 7, or 9 h per night) for seven consecutive
nights, followed by a three-day recovery period. Results indicated
that psychomotor vigilance performance (PVP) declined in the
5- and 7-h sleep conditions, with performance deficits stabilizing
after the second day. In contrast, participants restricted to 3 h
of sleep per night exhibited progressive and unremitting impair-
ments in PVP across the full 7-day period. The authors concluded
that sleep durations below 4 h per night induce significant decre-
ments in sustained attention and neurobehavioral performance.
Notably, the study did not include assessments of sport-specific or
physical performance outcomes (such as submaximal muscular
or weightlifting performance), where greater exposure to sleep
loss leads to a correspondingly proportionally larger impact on
performance output (or recent reviews, see Silva et al., 2021;
Walsh et al., 2021).

It seems prudent to employ interventions to combat sleep loss;
however, the effectiveness of such interventions (such as a nap
or nutritional supplements such as caffeine or zinc magnesium
aspartate) is conflicting (Walsh et al., 2021; Silva et al., 2021; Gal-
lagher et al., 2024; Edwards et al., 2024a, 2024b). This is thought
to be due to differences in research design that investigations
employ, such as reductions compared to habitual levels of sleep
and timing of restriction (late bedtime, early rising; Brotherton
et al., 2019). The implementation of a “nap” is considered a safe
and non-invasive intervention to overcome partial sleep loss that
can help increase total sleep time over the 24-h period and restore
performance in athletes (Silva et al., 2021; Walsh et al., 2021).

Approximately 43% of athletes are reported to engage in some
form of napping; however, the optimal timing of naps remains
challenging to determine due to the constraints imposed by
training and competition schedules (Lastella et al., 2015; Romyn
et al., 2018). A nap between of 30-60 min between 11:00 a.m.
and 3:00 p.m. is usually recommended, as it matches with
a timeframe during which alertness decreases and sleepiness
and fatigue increase. This is also a convenient period in an
athlete’ daily schedule (Lastella et al., 2021; Edwards et al., 2023).
Although optimal 'nap durations are still unknown, a 60-min
nap has previously been shown to improve evening weightlifting
performance (Brotherton et al., 2019).

The impact of sleep deprivation on aspects of muscular per-
formance is influenced by the time-of-day and the number of
hours the person has been awake when the measurement is per-
formed. Specifically, the homeostatic component, or the length
of time since waking, can negatively affect the body’s natural
circadian rhythms. Particularly in areas such as motivation and
mood, which in turn can diminish muscular performance. This
detrimental effect of sleep drive becomes even more pronounced
when training or competition occurs in the evening and when
partial sleep restriction extends over multiple days. Typically,
two to three, rather than being limited to just a single 24-h
period. Weightlifting efforts (as used by athletes in training and
competition), using force-velocity linear encoders to measure
muscle force output at different masses (low and high) have
been reported to be sensitive to detect diurnal variation in bench
press, leg press and back squat (Robertson et al. 2018; 2024) as
well as partial sleep deprivation (Brotherton et al. 2019). Hence,
intervention strategies such as a nap or nutritional supplement
have been investigated by this protocol (Brotherton et al., 2019;
Gallagher et al., 2023; 2024; Edwards et al., 2024a).

Therefore, the purpose of the present study was to (1) determine
the physiological and psychological effects of two modalities
of repeated partial sleep restriction (two independent groups,
3 versus 4-h of sleep per night over two consecutive nights; SR,
vs. SR,) on evening muscle performance as well as changes in
mood state, intra-aural temperature, tiredness, sleepiness, and
alertness subjective values; and (2) investigate the effectiveness of
a60-min post-lunch nap (N,) in improving evening physiological
and subjective psychological measures. It was hypothesized that
the partially sleep-restricted 3-h condition (SR;) would have
negative consequences to subjective measures of mood, tiredness,
sleepiness, and alertness as well as decrease strength performance
measures compared to the 4-h sleep condition (SR,). We further
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hypothesized that the 60-min nap opportunity, following two
nights of consecutive sleep restriction, would lead to greater
submaximal strength performance at 5: 00 p.m. compared to no

nap (No).

2 | Methods
2.1 | Participants

This was a secondary analysis of data from two studies investi-
gating “is implementing a post-lunch nap beneficial on evening
performance,” following two nights of partial sleep restriction of
3 h (Brotherton et al., 2019) or 4 h (Gallagher et al., 2023). Thirty
strength-trained males, as identified by sex and gender (mean +
SD: 22.2 + 2.2 years; body mass: 84.2 + 13.1 kg; height: 179.7 +
7.2 cm; normal daily retiring and rising times 23:20 + 12:30 a.m.
and 07:33 + 12:51 a.m.; total opportunity to sleep ~8.1 decimal h;
Table 1), volunteered for this study and undertook either sleep
restriction of 3 h (SR;, n = 15) or 4 h (SR, n = 15). Sample
size was determined using power calculation software (G*Power,
version 3.1.9.6), based upon a large effect size of 0.8 for AP with
a power of 0.80 and an a = 0.05, which determined a sample of
12 participants was required. Similar effect sizes of 0.90 for AP
have been reported by Brotherton et al. (2019), who employed
similar techniques and study design. Fifteen participants were
recruited to account for dropout in each group. In line with our
inclusion criteria, participants were injury-free with no diagnosed
sleep disorders (reported as not having a sleep disorder) and
had not completed shiftwork or travelled outside the local time-
zone in the past month—this information was obtained by a
questionnaire. As part of the selection criteria, 7-day sleep diary
data explicitly reporting the average sleep/wake timing data on
bedtime, wake time, and total sleep opportunity time for both SR
groups was recorded the week before the experimental session
was undertaken. The participants were asked if this informa-
tion represented their normal sleep/wake habits otherwise to
complete the diary when they were in a normal routine. In
addition to reporting the sleep/wake timing data, the participants
demographic characteristics including age was recorded. As well
as interindividual factors, such as chronotype (a person’s natural
predisposition to be awake or asleep at certain times) or ability
to shrug off fatigue (flexibility/rigidity of sleep habits), which
can influence effects following sleep loss (Durmer and Dinges
2005) and a 5-day dietary intake questionnaire for both SR groups.
Full information of each group is presented in Table 1. A verbal
explanation of the experimental procedure was provided; this
included the aims of the study, the possible risks associated with
participation, and the experimental procedures to be utilized. All
participants had to express no preference to training regarding
time-of-day. All participants gave their written informed consent.
The experimental procedures were approved by the Human
Ethics Committee at Liverpool John Moores University. The study
was conducted in accordance with the ethical standards of the
journal and complied with the Declaration of Helsinki.

2.2 | Research Design

Each participant attended the laboratory on five occasions (dry
temperature of 19°C, 35-45% humidity, and a barometric pressure

Mean + SD values for SR3 and SR4 groups for age, height, mass, chronotype, flexibility/rigidity, languidity/vigorous questionnaire scores. As well as Habitual retiring and waking times and total

opportunity to sleep (h) and 1 RM for bench press. NB: This information was taken before the main experiment as part of screening or familiarization.

TABLE 1

Habitual
Waking time

Habitual
Retiring time

1 RM Bench
press (kg)

Total sleep

Chronotype

Mass (Kg) score Flex./Regid. Lang./Vig. (decimal h) (decimalh) (decimal h)

Height (m)

Age (yrs)

98.0+24.8
80.7+25.0

1+0.5

23.3+0.3
23.2+0.7

44.5+6.3

44.1+4.9

47.4+4.2
45.5+3.7

1.82+0.89 89.0+13.8 31.8+4.5
79.4+10.8 32.9+4.0

22.742.5
21.6+1.6

SR3 group

+0.6

7.9+

1.77+£0.59

SR4 group
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Research design
1RM bench press (BP)
2 x Familiarisation sessions @ 40, 60 and 80% 1RM for BP
Allocated into independent groups 1) SR; 2 x consecutive nights of partial sleep
deprivation, retiring at 03:30 and waking at 06:30 h or 2) SR, 2 x consecutive nights
of sleep restriction, retiring at 02:30 and waking at 06:30 h

3) Both SR groups completed 2 x Experimental sessions i) No nap N, ii) 1h nap N,

3-day study design

Night 1 Night 2 Testing

SR:3or4h| [SR:3 or 4h Day

Experimental protocol

& B i B
0 )10@“

06:30 07:30  08:00 09:00  11:00  13:00 14:00  17:00 18:00

Key: Time-of-day (h:min)

0©“ = Hand grip jl\l = Warm-up = Questionnaires h. = Nap opportunity

= Weightlifting = Intra-aural (@,) = Wake up
M

(ear) temperatur

FIGURE 1 | Schematic of experimental protocol. Participants followed the same procedures for each condition, with the addition of no nap (N;) or

a60-min nap (Ngg) at 1:00 p.m. for the independent groups SR; and SR,. At 5:00 p.m. participants entered the laboratory and undertook the performance

measures.

of 750-760 mmHg, respectively). All participants completed a
habitual food and sleep diary two weeks prior to the first exper-
imental condition to ensure all participants were maintaining
healthy sleep habits prior to testing. The food diary was used to
work out a normal calorific daily intake for that individual, and
this was used to create a plan for foods that was replicated for
the 2 days associated with sleep loss nights and the day of testing.
Thereafter each participant completed (i) a bench press one
repetition maximum (1RM), defined as the maximal weight that
can be lifted once while maintaining correct technique (Kraemer
et al., 1995) and (ii) two familiarization sessions. A 7-day period
separated the 1RM session and both familiarization sessions
to allow adequate recovery. Each familiarization consisted of a
standardized active warm-up and three completed repetition lifts
at 40, 60, and 80% 1RM for bench press (Figure 1). The first famil-

iarization session involved collection of each participant’s age,
body mass, and height, followed by assessment of chronotype,
etc. Following completion of the final familiarization, there was
another 7-day period before commencing the first experimental
condition.

The two experimental conditions involved two nights of sleep
taken at the participants home before entry into the laboratory
on the third day (Figure 1). Sleep restriction consisted of retiring
to sleep for two nights at 02:30 a.m. or 03:30 a.m. (depending
on sleep restriction group SR, or SR;) and rising at 06:30 a.m.
and followed no nap (N;) or a 60-min nap (Ng) at 1 p.m.
until 2:00 p.m. In the hour before retiring to sleep, participants
were asked to refrain from watching television and/or usage of
their mobile devices. Participants for both independent sleep
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restriction groups (SR; and SR,) were required to complete the
two nap conditions (N) in a counterbalanced order of admin-
istration to minimize any potential learning effects (Edwards
et al., 2024c). When completing the Ny, experimental conditions,
participants were required to sleep/rest on a bed provided in
a dark, quiet room in the university sleep laboratory and were
not permitted to get up from the bed until the end of the 1-h
session (under the supervision of a researcher). Following the
nap condition, participants were asked if they had “Cnapped”
following this duration, with some participants stating, “They
managed to sleep,” and others, “They rested their eyes.” At
1:00 p.m. in the N, condition, participants were allowed to
undertake free living conditions and were instructed not to nap
or exercise. Researchers checked in with participants via direct
messages to ensure sleep compliance the day of the experiment
and the two nights leading to the laboratory visit. As well as
that they were following the dietary patterns (time of intake
and amount and macronutrient amount) that were replicated in
both nap and no-nap conditions. Before experimental sessions,
participants were asked to refrain from any vigorous physical
activity for 24 h prior, during which time they also avoided any
alcoholic or caffeine-containing drinks. Food was consumed on
the experimental day at 8:00 and 11: 00 a.m. after the temperature
measures were taken (Figure 1). To ensure recovery between
trials, there was at least a week between testing conditions for all
participants.

2.3 | Measurements

Prior to the main experimental laboratory sessions, 1RM sessions
determined each participant’s IRM percentages for incremental
loads of 40, 60, and 80%, allowing a 5-min recovery between each
effort. Two familiarization sessions took place a week after IRM
sessions to ensure the participants were physically capable and
the risk of failed efforts during bench press was reduced. The
first experimental session took place a week later. Participants
underwent two consecutive nights of sleep restriction (02:30
p-m. or 03:30-06:30 p.m.) dependent on the SR group they
were allocated to. On the daytime immediately following the
second night of SR, participants arrived at the laboratory at
07:30 a.m., 11:00 a.m., 2:00 p.m., and 5:00 p.m. for recordings
of intra-aural temperature (T;,) using a thermometer (Genius
1000, Mark 2, Sherwood, Nottingham, UK) and ratings of mood
(Profile of Mood State questionnaire; Terry et al. 2003), alertness
and tiredness (0-10 cm visual analogue scale) and sleepiness
(Karolinska Sleepiness Scale, Akerstedt and Gillberg, 1990). The
POMS questionnaire measures mood states with the participants
answering 32 questions with eight moods for how they “feel right
now.” For the sleep questions, participants ticked on a 10 cm
scale their answers “compared to normal,” with -5 “being less
or earlier,” 0 “normal,” and +5 “more or later.” Additionally, at
5:00 p.m. participants completed the exercise testing. The exercise
test session took place at 5:00 p.m. after a standardized active
warm-up. The warm-up included 5 min on a cycle ergometer
(Lode Corival, Furth, Germany) at 150 W followed by a series
of dynamic movements that were repeated twice and involved
squats (x10), lunges (5 each leg), singleleg Romanian deadlifts
(5 each leg), and press-ups (x10). Immediately post warm-
up, participants had three attempts at grip strength with their
right hand, using a dynamometer (Takei Kiki Kogyo, Tokyo,

Japan); the highest reading was kept for subsequent analyses.
To prepare for the bench press, the force velocity linear encoder
(Muscle Lab, Ergotest version 4010, Norway) was attached to
a 20 kg Olympic bar to measure displacement (D), average
power (AP), peak power (PP), average velocity (AV), and time-
to-peak velocity (tPV) via a laptop. Five minutes after grip
strength measurements, participants undertook three repetitions
of bench press at 40, 60, and 80% of their 1RM, with 5-min rest
between each repetition. Sub maximal lifts were recorded using
the force transducer, each session performed in the same order
of muscle magnitude. At the end of each set for 40, 60 and
80 % 1RM, participants gave a value for their rate of perceived
exertion on a 6-20 scale (Borg 1982) for the completed lifts. The
highest of the three PP outputs, and associated PV, D, and tPV
values, were used for analyses for each mass on the bar (see
Figure 1). Between and during conditions, participants were free
to live a “normal life,” such as attending lectures, etc. Subject
to any protocol restrictions already described (diet, exercise,
etc.).

2.4 | Statistical Analysis

The Statistical Package for the Social Sciences (SPSS IBM) version
29 for Windows was used. All data were checked for normality
using the Shapiro-Wilk test. Differences between conditions were
evaluated using a general linear model with repeated measures
on two factors (nap/no nap condition with two levels, N, and
Ngo; “load on bar” with three levels, 40, 60, and 80%) and
between-subject factor (sleep restriction with two levels, SR
and SR,). Interaction effects were analyzed between all three
variables. To correct violations of sphericity, the degrees of
freedom were corrected in a normal way, using Huynh-Feldt (e >
0.75) or Greenhouse-Geyser (¢ < 0.75) values for ¢, as appropriate.
Graphical comparisons between means and Bonferroni pairwise
comparisons were made where main effects were present. The
a level of statistical significance was set at p < 0.05. Effect sizes
(d) were calculated from the ratio of the mean difference to the
pooled standard deviation (Cohen’s d). The magnitude of the d
was classified as trivial (< 0.2), small (> 0.2-0.6), moderate (> 0.6—
1.2), large (> 1.2-2.0), and very large (> 2.0) based on guidelines
from Batterham & Hopkins (2006). The results are presented as
the mean + the standard deviation throughout the text unless
otherwise stated. Ninety-five percent confidence intervals (95%
CI) are presented where appropriate, as well as the mean dif-
ference between pairwise comparisons. AU represents arbitrary
units. All data is presented as means + standard deviation or
95% CI for the means in texts, tables, and figures. Significant
difference was reflected with p < 0.05 and a trend with 0.10 < p >
0.05.

3 | Results
3.1 | Evening Performance Measures
Mean + SD values and the results from the ANOVA statistical

analysis are displayed in Tables 2 and 3. Statistical significance
of the results can be seen in Figures 2 and 3.
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3.2 | Grip Strength (right hand)

5 5
° 9 *
£ % Z & o i
s | % 8 F& There was no significant main effect for the SR condition (p
§ & « o g 53 @ § = 0.438), nor was there any significant main effect for the
£ = 2 B © A= Q@ < < N condition (p = 0.062), nor was there any interaction effect
s 2 £ |8 <3 o2 zZ2 Z .
£ 5 2 < | S ? S © g between SR and N for grip strength (p = 0.230, Table 2).
[SJE3) Q0O )
= 2 £ ﬁ a Vv :_L I
< 5 8 o Y o
TS |E
s 2 — 3.3 | Bench Press
L O =) o o o
=R S ) ) R S o . . .
£ S '\3. = = S A significant effect of the SR condition, with SR; values being
g‘ é cﬂ‘ nll % AL % higher than SR, values, was observed for PP (+82.9 W, p < 0.001,
23 o S =& O & 95% CI: 35.9-129.8 W) and PV (+ 0.102 ms™}, p = 0.003, 95%
g g X g 2. i “ CI: 0.039-0.166 ms™). Values of tPV were significantly slower in
= - .
s B = g 2 T i SR, compared to SR; values (-0.092 s, p = 0.009, 95% CI: 0.026-
£ Tf I _g 'éls o il 0.159 s). D and RPE values did not differ between SR conditions
8 3 = (p > 0.05). There was a significant main effect of N condition
‘§ 2 :§ a where PP and PV values were all higher (+21.3 W, p = 0.002,
g = 89 § § § = § 95% CI: 8.8-33.8 W; 0.026 ms™' and p = 0.009, 95% CI: 0.007-
—
8 \Q/< 8;:1': 8l s s S S 0.045 ms™) and RPE values were all lower in the Ny, than the N,
g v ot g v Il v g \Y condition (4+0.46 AU, p = 0.037, 95% CI: 0.030-0.882 AU). There
g 3 'é* = _ _ & _ was a significant interaction between SR*N conditions for PV,
'—é % where values increased with the nap (Ng,) in the SR; condition
= § I o X g R o - (+0.05 ms™, p = 0.001, 95% CI = 0.020-0.074 ms~') while there
2 Sw 2@ S il &9 5 was no difference with nap in the SR, condition (p > 0.05).
S &2 c”> I ? ﬁ IOI. cﬁ ﬁ 'ﬁ C”5 N _E E There was a significant main effect of “load” for all bench press
g 5 <O S ?5 = 8 < 8 = 8 o variables measured (Table 2). PV values were highest at 40% 1RM
2 E and lowest at 80% 1RM (0.33 ms™, 0.29-0.38 ms~, p < 0.001).
g 3 g PP values were highest at 60 % 1RM and lowest at 40% 1RM
S =4 E (28.5 W, 12.8-44.2 W, p < 0.001). Whereas tPV and RPE values
wn
§ 2 § S sl Q 8 ) < o were significantly lower at 40% 1RM and highest at 80% 1RM
Svzlge|g S S & 9 = (034 5, 0.28-0.41 s, p < 0.001; 5.7 AU, 5.2-6.3 AU, p < 0.001).
3 % § &5 2 c”> ? ﬁ ﬁ cﬁ le Displacement showed no main effect for load (p = 0.181). There
E é £ |8 S| = ST Y o, o Ch was a significant interaction of SR* Bar-load where profiles for
£ ; g g PP values for SR; increased from 40 to 80% 1RM, whereas profiles
g 8 b for SR, decreased from 40 to 80%. RPE values increased from
£ :éb z 40% to 60% 1RM for both SR; and SR, with higher values at 80
g @ §~ . e S ¥ - § ¥ & %" % load for SR, than SR;. PV values were similar at 40% for both
s £ 2 2 q S = 2 b ﬁ_ 3; S 3 ? % SR conditions, but the rate of fall of profiles was greater in SR,
£ rd gl FAFLTAGL than SR, at 80% 1RM (0.38 vs. 0.29 ms™"). There was no significant
8 i =T O SO T o ©o To = ) interaction between load* N or between SR* load* N for any
I g Tl variable, such that the values across all conditions for the three
§ g i ‘,’_’ loads rose or fell in the same manner (Figure 2, Table 2).
& ] - o0 =\
~ G~ o~ [e2e] =)
Z2Z g8 ¢ g & § 3
288|Qag|lc o s & S ¢© Lo . .
T g 5. 35 - | [ Il Il [ Il 3.4 | Physiological and Psychological Variables
\2 22 |5 = = _ _ S ~ (measured at 08:00 a.m., 11:00 a.m., 2:00 p.m. and
g e § 5:00 p.m.)
§ O <o
2 g 2D
£ g & 3.4.1 | Intra-aural Temperature
8o 2 %)
o N S o
g g § @ - = There was no significant effect of the SR condition, nor a main
2 % g 2 3 E‘ effect of N on T}, values (p < 0.05, Table 2 and Figure 3). There was
é = 9 % =) ﬁ: ’é‘ 2 a significant main effect for time-of-day (p < 0.001) on Ty, where
= E S éﬁ o g Q v values increased from 08:00 a.m. to 5;00 p.m. (mean difference =
£ 8 3 £ ) = - et - P
s § & 3 g o o 2 = s 0.42°C; p <0.001; 95% CI = 0.35-0.50°C). There was an interaction
_ £ E cg § g 'g E v for SR* time-of-day where T, values increased from 08:00 a.m. to
~ : 8 % E a -y 8 E 3 é 5:00 p.m. for the SR, group, while the SR; profile increased from
m g 3 = é -] § % % % g 08:00 to 11:00 a.m. and then flattened after the nap at 2 p.m. to
Q
é § k= c§ = éb 2 2 2 E Z increase at 5:00 p.m. There were no other significant interactions
@ ]
HE E 2 (p > 0.05, Table 2; Figure 3).
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FIGURE 2
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Mean (95% CI) values of each performance variable for evening (5:00 p.m.) bench press at 40, 60, and 80% 1RM loads for the independent

groups, either SR3 or SR, with two nap conditions (N and Ngg). T Denotes main effect for load, * main effect for SR, # main effect for N, and + denotes

interactions as shown by Bonferroni pairwise comparisons (p < 0.05).
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FIGURE 3 | Mean (95% CI)values for intra-aural temperature, subjective alertness, tiredness, and sleepiness recorded at 08:00 a.m., 11:00 a.m., 2:00

p-m. and 5:00 p.m. for (i) Labeled A: the Nap conditions (N, and Ngj) and (ii) Labeled B: the SR conditions (SR; and SR,). T Denotes main effect for
time-of-day, # main effect (N or SR), and + denotes interaction as shown by Bonferroni pairwise comparisons (p < 0.05).
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3.4.2 | Tiredness and Alertness

There was a significant effect for SR on subjective tiredness,
with higher scores respectively for SR; versus SR, (+2.6 cm, p
< 0.001, 95% CI = 1.7-3.6 cm), but not alertness (p = 0.516,
Table 3). A significant main effect for N was found, where ratings
of tiredness were higher and alertness values lower without the
nap (4+0.55 cm, 95% CI = 0.15-0.97 cm, p = 0.009 and -0.47 cm,
95% CI = 0.06-0.88 cm, p = 0.027, respectively). There was a
significant interaction for SR*N where ratings of tiredness and
alertness with the nap (N,,) in the SR; improved values greater
than SR, (1.0 cm, 95% CI = 0.44-1.59 cm; p = 0.001 and 1.0 cm,
95% CI = 0.44-1.60 cm; p = 0.001). No difference between the
SR; and SR, was observed for ratings of tiredness in the N
condition (p = 0.725 and p = 0.771). There was a significant time-
of-day effect for ratings of tiredness and alertness, where tiredness
values where highest in the morning and lowest in the evening
respectively, with the opposite profile for alertness (2.7 cm, 95%
CI =1.50-3.80 cm; p = 0.001 and 2.3 cm, 95% CI = 1.84-2.76 cm; p
< 0.001). There was a significant interaction for time-of-day*SR
for tiredness and alertness, where profiles of tiredness for SR,
fall from 08:00 a.m. to 5:00 p.m. (2.8 cm, 95% CI = 2.05-3.62 cm;
p = 0.001_Figure 3), while the profile for SR, falls from 08:00
a.m. to 2:00 p.m. (2.8 cm, 95% CI = 2.05-3.62 cm; p = 0.001;
Figure 4), then stayed steady from 2:00 to 5:00 p.m. with values
being highest in the morning and lowest in the evening (2.7 cm,
95% CI = 1.50-3.80 cm; p = 0.001). Profiles for alertness increase
similarly from 08:00 a.m. to 2:00 p.m. with greater alertness at
5:00 p.m. in the SR; than SR, condition (Figure 4). There was
a significant interaction for time-of-day*Nap where profiles of
tiredness decreased in N, or increased for alertness values from
2:00 to 5:00 p.m. (0.87 cm, p = 0.001, 95% CI = 0.38-1.35 cm and
1.50 cm, 95% CI = 0.86-2.14 cm, p < 0.001, Figure 3) and stayed the
same for N, for both tiredness and alertness (p > 0.05). There
was a significant interaction for time-of-day*N*SR for tiredness
and alertness values (p < 0.05), where alertness and tiredness
profiles for both variables improved (increased and decreased,
respectively) after the nap (2:00-5:00 p.m.) in the SR; condition
only.

3.4.3 | Profile of Mood State

There was a significant effect of SR for mood state values, where
confusion and fatigue values were higher in the SR; than the
SR, condition (1.95 AU, p = 0.025, 95% CI = 0.27-3.64 AU and
3.84 AU, p = 0.002, 95% CI = 1.49-6.20 AU, respectively). There
was a significant effect of N where scores of fatigue, depression,
confusion, and anger were higher in the N, than N, condition
(1.96 AU, p < 0.001, 95% CI = 0.99-2.93 AU; 0.83 AU, p = 0.004, 95%
CI=0.29-1.38 AU; 0.72 AU, p = 0.002, 95% CI = 0.29-1.14 AU; 0.78
AU, p = 0.042, 95% CI = 0.03-1.54 AU). There was a significant
interaction for N*SR where, for the SR; condition, the nap
reduced fatigue scores and increased vigor, happiness, calmness,
and vigor scores (Table 3, p < 0.05). There was a significant
effect of time-of-day for vigor, anger, tension, calm, happiness,
confusion, depression, and fatigue (p < 0.05; see Table 3). Anger,
tension, confusion, and depression were significantly higher in
the morning compared to the evening, whereas vigor, calm, and
happiness were significantly higher in the morning than in the
evening (see Table 3). There was a significant interaction for

time-of-day”*SR where SR; profile demonstrated increased ratings
for vigor, calmness, and happiness from 08:00 a.m. to 5:00 p.m.
and decreased rating for fatigue between 08:00 a.m. and 5:00
p-m., while in SR, scores for vigor, calmness, happiness, and
fatigue were similar from 08:00 a.m.to 5:00 p.m.17:00 h. There was
a significant interaction for time-of-dayxN, where all variables
show similar profiles from 08:00 a.m.to 5:00 p.m.; thereafter, for
the nap condition values (N, ) there is a corresponding increase in
vigor, happiness, and calmness and a decrease in fatigue values
compared to the no nap condition (Ng,; Table 3). There was
a significant interaction for time-of-day*N*SR with N, scores
for vigor, calmness, and happiness increasing and ratings of
fatigue decreasing compared to no nap (N,) in the SR3 condition
only.

3.4.4 | Stanford Sleepiness Questions

There was a significant effect of SR for sleepiness values, where
subjective responses were higher in the SR; than SR, condition
(0.69, p=10.027,95% CI=0.09-1.30 AU—see Table 3 and Figure 3).
There was no main effect of N for sleepiness nor interaction of
N*SR (p > 0.05). There was a significant effect of time-of-day
for sleepiness, where values were higher in the morning and
decreased in the evening (1.42 AU, p < 0.001, 95% CI = 1.10-
1.73). The time-of-day mood profiles were evident from 08:00
a.m. to 5:00 p.m. There was a significant interaction for time-
of-day”SR length, where profiles for SR, values are similar from
08:00 a.m. to 2:00 p.m. and then drop to 5:00 p.m., but for SR,
values drop from 08:00 a.m. to 5:00 p.m. (p = 0.026). There
was a significant interaction for time-of-day*N where profiles
of sleepiness dropped from 08:00 a.m. to 5:00 p.m. in the N,
condition (with nap) but stayed the same from 2:00 to 5:00 p.m.
in the N, condition. There was a significant interaction for time-
of-day*N*SR where profiles of sleepiness were higher from 08:00
to 11:00 a.m. in the SR; than the SR, condition, but after the nap
(at1:00 p.m.) sleepiness fell to the lowest values at 5:00 p.m. In N,
condition, levels of sleepiness were higher in SR; than SR, from
2:00 to 5:00 p.m.

4 | Discussion

We report a significant interaction with increased peak-velocity
(+ 6.2%, p = 0.029) and a trend for peak-power values (+
8.2 %, p = 0.052) for bench press at 17:00 h, after having
had a 60-min nap (Ng,) in the SR; (two-consecutive nights
of 3-h sleep; Figure 2) condition only. This was accompanied
with corresponding improvements in mood-states (happiness,
calmness and fatigue) and subjective states (tiredness, alertness,
and sleepiness) in the SR, condition after the nap (2:00 p.m.-5:00
p-m.) to values like that of the SR, condition. Further, regardless
of taking a nap or not, the profiles of bench press variables
and RPE for the three loads, were similar in the SR, condition
(Figure 2). However, to maintain independent analysis, we did
not include a control condition (3 h of habitual sleep taken for
two nights) in the present protocol. From the first analysis of
the data, it was reported that a 1-h post-lunch nap was effective
in the 3-h SR condition in restoring strength and subjective
ratings compared to normally taken sleep values at 5:00 p.m.
(Brotherton et al., 2019). It is also unclear whether the 4-h SR

10 of 14

Brain and Behavior, 2025

85U8017 SUOWIWIOD BAIER.D 8|qedt|dde auyy Aq pausenob aJe ssppie YO ‘88N J0 S8|ni 1oy Ariq1T8UIUO A1 UO (SUORIPUOD-PUR-SWBH WD A8 1M Ae1q 1 U1 |UO//SANY) SUORIPUOD Pue SWB 1 84} 89S *[5202/80/2T] Uo Arigi]aulluO (1M ‘AINN STHO0W NHOL TOOdHTAIT AQ T202°€040/200T 0T/I0p/wW0d A8 |imAreIq1 putuoy//:Sdny wo.y papeo|umoqd ‘g ‘G20z ‘ZE06.ST2



condition presented enough stress-strain adaptation to reduce
submaximal bench press values, compared to habitual sleep. Such
methodological limits have previously been suggested to partially
explain the lack of effect between having a nap compared to
no nap on muscle strength parameters (Gallagher et al., 2023).
Further, subjective levels of alertness, sleepiness, and levels of
mood state for confusion and fatigue were positively affected
by the 4-h versus 3-h SR (d = 0.02 to 0.55, trivial to moderate
effect sizes; Table 3). With higher values for alertness, and lower
for sleepiness, confusion, and fatigue, respectively. These unique
findings suggest a dose-response for sleep-loss for these variables,
with 37.3% for two nights negatively affecting strength as well
as subjective measures compared to a 49.2% loss of habitual
sleep (assessed from the participants normally reported sleep of
~8.1 decimal hours per night; Table 1). Where the intervention
of a 60-min nap restored strength and subjective mood, etc. to
similar levels as that of a 50% sleep loss. Like Belenky et al.
(2003), we used independent groups for sleep loss conditions,
rather than employing a research design where one group of
participants completes all four conditions. A transient fall in
core body temperature and alertness is expected around 11:00
a.m.-2:00 p.m. (post-lunch dip) when partially sleep deprived
(Waterhouse et al. 2007). However, we found this post-lunch dip
was only evident for the greater sleep loss condition and not
affected by a nap, again supporting a dose-response to sleep loss
that is reflected by core temperature changes (Figure 3).

A dose-response to sleep loss effects has been shown to neg-
atively affect mood, a psychomotor vigilance test or cognitive
performance (in the domain of attention, working memory, and
executive function), as well as metabolic function and psycho-
logical health (Van Dongen et al., 2003; Belenky et al., 2003;
Banks et al., 2010; Lim & Dinges, 2010; Goel et al., 2009). Like
the findings of the current investigation, Belenky et al. (2003)
reported a threshold of < 4h sleep duration per night resulted
in decrements in levels of alertness and psychomotor vigilance
performance. However, unlike the current study, the habitual
sleep of participants by Belenky et al. (2003) was not reported;
hence, participants could have regularly had restricted sleep and
would not be as sensitive to those who achieve recommended
hours of sleep. Further comparisons between our and others work
are difficult, as there is no research on a dose effect of sleep-
loss of habitual sleep on muscular or weightlifting performance,
considering greater sleep loss leads to bigger decreases in perfor-
mance (Silva et al., 2021; Walsh et al., 2021; for recent reviews).
We have previously stated there may be a cut off wherein in
our case 50% of habitual sleep taken for two nights is tolerated,
and the homeostatic drive is not affected by a 30- or 60-min
nap compared to no nap (Gallagher et al., 2023). Hence, we
hypothesized that when partially sleep restricted to 3h, it would
decrease strength performance measures compared to the 4-h
condition, irrespective of nap/no nap condition. However, we
found that bench press PP and PV were generally higher in the
SR; versus SR, condition and time-to-peak-velocity lower (took
less time), respectively. Interactions of “load and SR” were present
for PV and PP, where PV reduction with increasing load was more
pronounced in the SR, than the SR, group. Further, PP values
increased from 40-80% 1RM in the SR; group compared to the SR,
group, whose profile showed a reduction from 40-80 %. Although
these populations were similar in terms of strength conditioning
(> 2 vs. > 2 years), sleep habits (~8.1 vs. ~8.2-h), age (22.7 +

2.5 vs. 21.6 + 1.6 years), chronotype (all intermediate types), and
other individual differences such as all flexibility and vigorous
questionnaire scores (all flexible and rigid) the 1RM values for the
participants of the SR; condition were higher than that of the SR,
group (21.5% or 17.3 kg). This difference in 1RM values may have
contributed to the observed differences in submaximal strength
indices profiles with a shifting of the load-velocity and load-
power profile, with the optimal load for power output varying
depending on individual factors (training status, strength level,
and experience). Although we counterbalanced the participants
for the order of nap/no nap conditions as suggested to reduce
bias, we did not match the participants for a strength variable and
then allocate them to groups based on the minimized method that
would have removed this discrepancy of 1 RM (Edwards et al.,
2024c¢).

Our second aim was to investigate the effectiveness of a 60-min
post-lunch nap (Ng,), compared to no nap (N,), and whether
it would improve evening physiological and subjective psycho-
logical measures. We found improvements following the nap
regarding ratings of alertness, sleepiness, and mood states such
as confusion and fatigue. With corresponding increases in peak-
power (+ 21.3 W), peak velocity (+ 0.026 ms™) and ratings of
perceived exertion (+ 0.46 AU; Table 2, Figure 2). These findings
agreed with our hypothesis that a nap taken after repeated partial
sleep loss would improve performance measures. As no “control
session” has been included in the present protocol, it is difficult
to conclude that a nap would be an easy strategy to restore the
ability to perform. However, as the positive effect of the 60-
min nap was observed on PP, PV and tPV only in the group
with larger sleep restriction (i.e., larger homeostatic imbalance),
it could be hypothesized that as sleep deprivation increases, so
does the accumulation of endogenous hypnogenic substances in
the brain (Borbély and Tobler, 1989), which could be eliminated
at least in part during the nap. Therefore, the beneficial effect
of a nap on performance indices would be “more visible” in
the group with larger sleep restriction. The lack of change as
grip strength with sleep restriction agrees with others where
maximum strength appears not to be affected by loss in habitual
sleep; hence, a nap should have no effect (Reilly and Edwards
2007; Edwards et al., 2023). Higher “skill-orientated” submaximal
lifts with a high cognitive component (such as bench press) are
thought to be affected more by sleep loss compared to less skill-
oriented maximal tasks such as grip strength (Gallagher et al.,
2023; Edwards et al., 2023). This reduction in cognitive tasks after
1:00 p.m. has been attributed to higher catecholamine levels in
the blood, hence increased arousal and a corresponding increase
in homeostatic drive due to time-awake causing mental fatigue
(Reilly and Edwards 2007; Carrier and Monk 2000).

4.1 | Limitations

The absence of a control sleep condition (8h) and other levels
of sleep loss, such as 2h, meant that the full dose-response
on sporting performance (bench press) could not be evaluated
for a critical threshold. This is a secondary analysis of two
previously published studies, and rather than complicate the
analysis, no control conditions of normal sleep were included.
Our working group has previously reported effects of naps with
no sleep loss/restriction on similar variables (Brotherton et al.,
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2019). Last, no measures to assess “sleep” immediately before
the start of the experiment and during the two nights were
taken, such as actigraphy monitoring of sleep/wake patterns.
Nor could the proposed mechanisms that enable sleep be taken
during the “nap” period or the “restricted sleep,” and therefore
we relied on subjectively reported quality. Polysomnography,
temperature changes between the core and skin (heat loss/gain),
and changes in secretory melatonin would have allowed further
understanding of the effects of restricted sleep, mechanisms,
and effectiveness of the nap. Especially in respect to total sleep
duration, sleep latency, and sleep efficiency which are reported
to be markers of sleep quality when efficiency is greater than 85%
(of the time-in-bed) and latency less than 15 min (Ohayon et al.,
2017). We acknowledge that although we controlled the exposure
to daylight prior to entering the laboratory, by conducting the
experiment in winter in the United Kingdom, we did not provide
sufficient control over light conditions during the experiment,
which could impact the outcome measures, particularly the
subjective ratings. However, as the participants were all students
at the university and the experimental day was the same for each
week, the participants would have had to attend the same lectures
and hence have similar structure to their days (including indoor
or outdoor light exposure). Last, in this study we recruited only
male participants, we acknowledge this is a limitation of the
study. Healthy females have been shown to respond to sleep loss
differently than males, in terms of an advance in their tiredness
rhythm (Edwards, 2025). We acknowledge that this area of this
research area is interesting, as such gender differences may have
implications on the submaximal muscle performance (such as
bench press variables). Where females are hypothetically affected
cognitively and physically more in the evening than males, and
this may be worsened by greater amounts of sleep loss.

5 | Conclusion

A dose-response relationship between sleep loss and submaximal
bench press performance was found, where PP, PV, and tPV
were negatively affected (decreased or increased, respectively)
with SR, versus SR;. This was not in the expected direction
but was rather due to greater general strength in the SR; group
but was accompanied by lower values of tiredness, fatigue,
confusion and sleepiness and an increase in alertness in the SR,
group than SR, reflecting the negative effects of greater sleep
loss on tiredness, alertness, sleepiness, and mood. Time-of-day
effects were shown in intra-aural temperature, subjective, and
mood responses (p < 0.05). Positive modifications in sleepiness,
alertness, and tiredness after the 1-h nap at 1:00 p.m. were found.
With a corresponding improvement in PV and a trend in PP (p
= 0.029 and p = 0.052) after the 1-h nap, but only in the SR,
condition.
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