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Abstract

This study explores the dynamics of sleep, somatic/psychological experience,
and exercise performance before, during, and after the Tour de France (TDF).
Objective and subjective sleep, self-reported perceived experience, and objec-
tive exercise performance data were collected daily from eight elite male cy-
clists across a 6-week period including the 3-week TDF and 11-day pre- and
post-race periods. Associations between, and temporal changes in, primary
interest metrics were explored through Pearson correlation and linear mixed
models. Participants were (mean + SD) aged 30 +4 years with overall objective
sleep duration of 8h 11mins (+58 min) per night. Sleep quality (0-100) was
lower during the race than pre-race (f [95% CI]; —8.0[—11.7, —4.3]). During
the pre-race period, sleep onset (4 [2, 5] mins) and offset times delayed (5 [3,
7] mins) and self-reported stress increased (1.87 [1.14, 2.61]) daily. Increases
in muscular soreness (0.6 [0.3, 0.8]) and fatigue (0.4 [0.2, 0.6]) during the race
preceded daily declines during the post-race period (—3.1 [—4.0, —2.1]; —2.7
[—3.5, —1.8]). Relative performance output (Performance Index; 0-1000) nega-
tively predicted sleep duration (r [95% CI]; —0.32 [—0.46, —0.17]) and sleep
quality (—=0.34 [—0.47, —0.19]) during the race. Temporal changes in, and as-
sociations between, sleep timing, perceived experience, and exercise function
highlight the potential for sleep-improvement strategies that enhance perfor-
mance in naturalistic endurance sporting contexts.
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1 | INTRODUCTION

Many psychophysiological processes important for sport-
ing performance are impacted by, or depend upon, sleep.
For example, sleep is important for physical recovery and
immune function (Besedovsky et al., 2012; Mullington
et al., 2010; Simpson & Dinges, 2007; Steiger, 2011), psy-
chological processes underpinning mood, motivation,
emotion regulation, and interpersonal relations (Gordon
& Chen, 2014; Paterson et al., 2011); and neurocogni-
tive and motor optimisation processes implicated in skill
acquisition and learning (Lim & Dinges, 2008; Walker
et al., 2002). Furthermore, sleep plays a crucial role in
enhancing physical performance through muscular and
cardiovascular recovery, as well as facilitation of physio-
logical adaptation (Venter, 2012). Consequently, sleep is
an important factor to consider for elite athletes seeking to
optimize their sporting performance.

Athletes likely require more sleep than age-matched
counterparts to facilitate recovery from the strain of train-
ing and competition (Fullagar et al., 2015). Yet, athletes
frequently sleep less than the National Sleep Foundation's
recommended 7-9h per night (Hirshkowitz et al., 2015;
Sargent, Halson, & Roach, 2014; Walsh et al., 2021). Factors
associated with sleep duration and quality, such as sleep
onset latency, wake after sleep onset, and sleep efficiency,
are often impaired in elite athletes (Gupta et al., 2017; Juliff
et al., 2015; Mah et al., 2018; Swinbourne et al., 2016). This
can be due to individual differences between athletes, such
as competition and training schedules (Fullagar, Skorski,
et al., 2016; Sargent, Lastella, et al., 2014), pre-competition
stress (Juliff et al., 2015), increasing exercise load (Killer
et al.,, 2017; Lastella et al.,, 2015), and trans-meridian
or time-sensitive travel (Fullagar, Duffield, et al., 2016;
Lastella et al., 2019).

Effects of the athlete lifestyle on sleep have implica-
tions for sporting performance, particularly when ath-
letes are engaged in endurance exercise that requires
sustained aerobic output (e.g., aerobic output >30min).
Both total sleep deprivation and partial sleep restriction
have been associated with poorer performance in labora-
tory studies on various tests of endurance performance
(Bond et al., 1986; Martin, 1981; Mougin et al., 2001;
Oliver et al., 2009; Skein et al., 2011), with meta-analytic
evidence suggesting larger effects from sleep deprivation
than restriction (Craven et al., 2022).

The effect of impaired sleep on endurance perfor-
mance is likely driven, at least in part, by the large mo-
tivational demands of sustained exercise. Sleep loss has
been shown to increase ratings of perceived effort, mak-
ing it more challenging to maintain the same absolute
physiological output (Martin, 1981; Oliver et al., 2009;
Skein et al., 2011). This underscores the importance of

considering both sleep and perceived experience when
evaluating endurance athletic performance.

Elite road cyclists participate in some of the most de-
manding endurance sport competitions and, thus, provide
a unique opportunity to help understand the interplay
between sleep, perceived experience, and exercise perfor-
mance. The grand-tour events, such as the Tour de France
and Vuelta a Espafa, comprise 3weeks of consecutive race
“stages”, with the majority of individual stages exceeding
150km. The physiological demands of these events are well-
documented (Lucia et al., 2003; Sanders & van Erp, 2020;
Santalla et al., 2012). Road cyclists have reported needing
8.2h of sleep per night to feel recovered during these events
(Sargent et al., 2021), but typically only achieve around 7h
per night (Lastella et al., 2015; Sargent et al., 2022, 2024).

Recent research has explored the relationship between
sleep and physiological recovery during the Tour de France
(Sargent et al., 2024), but the relationship between sleep
and self-reported somatic, psychological and performance
experiences (e.g., mood, motivation, self-rated performance;
referred to throughout the present work as “perceived ex-
perience”) in this population remains poorly understood.
Furthermore, the relationship between real-world levels of
suboptimal sleep and elite exercise performance warrants
further research attention (Walsh et al., 2021). Therefore,
this study was designed to explore potential associations be-
tween, and changes in, sleep, perceived experiences, and ex-
ercise performance (including readiness and stress) during
a 6-week period containing the Tour de France.

2 | METHODS

2.1 | Participants
Participants were eight male cyclists affiliated with a UCI
(Union Cycliste Internationale) world-tour cycling team.
Through a formal licensing agreement, the team granted
verbal and written consent to third-party data custodians,
Lumin Sports (Adelaide, South Australia), to use their de-
identified data for research purposes. Lumin Sports subse-
quently provided the research team with these data under
an existing data-sharing agreement. The Flinders Human
Research Ethics Committee (Flinders University, South
Australia) independently reviewed and approved the use
of these data for the present study (project number: 5951).
Data were collected over an approximately 6-week
period (18th August 2020-1st October 2020) which in-
cluded the 23-day Tour de France race (21 stages; from
29th August-20th September, including two rest days on
the 7th and 14th September) and 11-day pre- and post-
race periods (Figure 1). Note, riders were free to consume
substances (e.g., prescribed medications, alcohol, and
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FIGURE 1 Data collection timeline across pre-race, race, and post-race periods. The Tour de France race period has 23 days, including
two rest days on the 7th and 14th September (additional tick marks). Both pre- and post-race data collection periods were 11 days.

caffeine) throughout the monitoring period that may in-
fluence sleep, perceived experience, and/or physical per-
formance. Furthermore, ongoing medical conditions or
sleep disorders may have been present. However, these
data were not available to the research team.

3 | MATERIALS
3.1 | Objective sleep duration, sleep
onset time, and sleep offset time

Garmin wristwatch devices were used to objectively es-
timate a range of sleep parameters through motion and
heart rate signals. Parameters used in the present study
were sleep duration (hours), sleep onset time, and final
awake time. Garmin smartwatches are comparable to
other consumer-available health trackers for sleep es-
timation. Specifically, these devices demonstrate good
sleep-wake classification accuracy (85%-90%), but over-
estimate sleep duration by ~45min on average, compared
to gold-standard polysomnography (Chinoy et al., 2021;
Miller et al., 2022; Schyvens et al., 2024). Sleep data were
automatically generated by the Garmin Connect software
through proprietary algorithms.

3.2 | Exercise stress, load, and
performance

Power meters integrated into the crankset of bicycles
provided measures of pedal cadence and power output
(Watts). Through third-party programs (Training Peaks
and Today's Plan), these parameters were used to calculate
the exercise load and performance metrics that have seen
widespread use in elite endurance sporting and coaching
contexts. Metrics used in the present study are as follows:
Performance Index (the frequency at which one is achiev-
ing relative peak power output; 0-1000 scale); Training
Stress Score (exercise stress incurred relative to exercise in-
tensity and duration, where a Training Stress Score of 100
is equivalent to 1h spent at Functional Threshold Power);
Acute Training Load (a weighted 7-day moving average
of exercise stress); Chronic Training Load (a weighted

28-day moving average of exercise stress); and Training
Stress Balance (the difference between Acute Training
Load and Chronic Training Load, indicating “race readi-
ness”). Note, a value of zero for Training Stress Balance in-
dicates an equilibrium between training load (fitness) and
recovery, and Functional Threshold Power reflects one'’s
maximum sustainable power output for 1h. Although the
mentioned metrics relate to various exercise-related func-
tions, for simplicity and continuity, we will herein refer
to them under the umbrella term “exercise performance”
factors. Further detail on metric calculations is provided in
Appendix S1. Note, only the primary bout of exercise per-
formance data (by duration) from each day was included
in analyses, to ensure only race and major training/recov-
ery activities were used.

3.3 | Self-reported somatic,
psychological, and performance
experiences

Self-reported experience ratings were recorded daily
through the Arc Mobile (Lumin Sports) application.
Self-reports used in the present study were sleep quality,
mood, fatigue, stress, motivation, soreness (muscular/
physical), satisfaction, perceived performance, and feel-
ing. These were determined using single-item questions,
such as “How fatigued are you this morning?”, answered
on a visual-analog scale on mobile devices (smartphones/
tablets), with reference labels corresponding to numeri-
cal values 0-100 (e.g., “a little fatigued”; 25). Questions
concerning sleep quality, fatigue, motivation, and sore-
ness were asked at a morning check-in; those surround-
ing mood, stress, feeling, perceived performance, and
performance satisfaction were asked in the evening
(Appendix S2). Here we refer to these self-reported met-
rics collectively as “perceived experience”.

3.4 | Statistical analyses

All statistical analyses were performed in R (version 4.2.2).
We used linear mixed models (“Ime4” R package (Bates
et al., 2015)) to evaluate differences in primary interest
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metrics between each race period (pre-race, race, and post-
race). Linear mixed models were chosen as they appro-
priately account for within-subject correlations inherent
in repeated-measures data and imbalanced group data.
Estimated marginal means derived from the modeled fixed
effects were used for these planned pairwise comparisons
between the different race periods. We also performed
a second set of linear mixed models to explore the daily
change of sleep and perceived experience outcomes within
each race period: pre-race, race, and post-race. To achieve
this, we employed an approach conceptually similar to
segmented/interrupted time-series regression methods
that have seen use in quasi-experimental, intervention-
based, research to retrospectively analyze longitudinal data
(Bernal et al., 2017; Wagner et al., 2002). Such approaches
allow for changes in the slope and/or level of the fitted pre-
diction at specified points in the time-series data: for exam-
ple, the introduction of a public health initiative. Hence,
an a priori decision is required on whether a change in
level, slope, or both is to occur at the specified time points.
Upon visual inspection of the raw data, and that large step
changes in sleep and/or psychophysiological states would
be unlikely to occur within a single day or night, we opted
to alter slopes only. We incorporated two dummy variables
into the models assessing the effect of the continuous time
variable (days) on the chosen outcome. These dummy
variables were coded to represent elapsed time relative to
specific points in the time-series. A first dummy variable
activates at the start of the race period with the second acti-
vating at the end of the race, allowing the model to estimate
separate linear slopes for the pre-race, race, and post-race
periods. Use of these dummy variables also simplified the
model, removing any need for interaction terms.

For all linear mixed models, a random intercept term
per participant was included to account for repeated time-
series measurement and to control for unbalanced data
and individual differences in data contribution. We did
not control for common demographic variables, such as
age and BMI, due to their being little variability in these
factors between our eight participants. We used Pearson
correlations to examine associations between sleep, per-
ceived experience, and exercise performance during the
Tour de France (race days).

All variables and models were assessed for test-specific
assumptions. We used the Benjamini-Hochberg Procedure
(Benjamini & Hochberg, 2000; Chen et al., 2017) to adjust
the False Discovery Rate, reducing the likelihood of Type
1 error relative to the multiple comparisons undertaken in
both the exploration of time-dependent change and associa-
tions between the primary interest variables. An alpha level
of 0.05 was employed to infer statistical significance. Figures
and tables were generated in R using the base plotting func-
tion and/or the “ggplot2” (Wickham, 2011) package.

4 | RESULTS

4.1 | Participant information

The eight participants were all male, young-to-middle-aged
([mean+SD] 30+4years; range: 26-37years), and had an
average weight of 74 +14kg. Average sleep duration across
the monitoring period was 8h and 11 min (+58 min), with
mean sleep onset and wake times at 23:47 +00:44 (hh:mm)
and 07:58+£00:52, respectively. Sleep duration was be-
tween 7 and 9h on 77% of nights (pre-race 82%; race 83%;
post-race 49%). Sleep duration of >9h occurred on 16% of
nights (pre-race 10%; race 14%; post-race 33%). Participants
were under considerable exercise load, as evidenced by
a mean Training Stress Score of 243+191, reflecting ap-
proximately 2.5h spent at Functional Threshold Power.
On average, participants provided a self-report for at least
one perceived experience metric on (Mean=+SD) 85+22%
of all possible days (pre-race: 96 +7%, race: 87 +28%, and
post-race 74+38%). 63+23% of possible days had reports
for six or more of the eight perceived experience met-
rics (pre-race: 66+18%, race: 72+27%, and post-race:
39+30%). Data for all objective sleep metrics were avail-
able on 83+20% of all possible days (pre-race: 91 +16%,
race: 83 +30%, and post-race 71 +38%). Performance Index
was available for all participants on all possible days. The
remaining performance-related metrics (Acute Training
Load, Chronic Training Load, Training Stress Balance, and
Training Stress Score) were available on 50+ 54% of pos-
sible days (pre-race: 50 + 54%, race: 50 + 54%, and post-race
43+ 54%); 4 of the 8 participants did not have these data on
any days. See Appendix S3 for descriptive statistics split by
race period. All available data across the monitoring period
were used in our statistical models for analyses.

4.2 | Change in sleep, perceived
experience, and exercise metrics: Pre-race,
race, and post-race

Compared with the pre-race period, sleep onset and
wake times were delayed during the Tour de France race
period. Sleep duration did not increase significantly, but
subjective sleep quality declined. At post-race, sleep
duration remained stable, but sleep timing advanced,
relative to the race period. Sleep timing did not signifi-
cantly differ between the pre-race and post-race periods
(Table 1).

Relative to pre-race, perceived performance and
mood were lower during the race. Perceived perfor-
mance was lower at post-race (versus pre-race). Stress,
muscular soreness, and fatigue were greater during
the race compared to both pre-race and post-race.
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TABLE 1 Inferential statistics from linear mixed models investigating differences in average sleep, perceived experience, and exercise

performance between race periods (pre-race, race, and post-race).

Difference
Outcome variable Pre-race vs. race (p) Pre-race vs. post-race (p) Race vs. post-race (p)
Sleep
Duration (mins) 16 [2, 18] 0.779 9[-11, 29] >0.999 —7[-25,11] >0.999
Onset time (mins) 31 [22, 40] <0.001 1[-11, 14] >0.999 —29 [—41, —18] <0.001
Sleep offset time 4735, 58] <0.001 10 [-5, 26] >0.999 —36 [—50, —23] <0.001
(mins)
Quality (0-100) —8.0[-11.7,-4.3]  <0.001 —4.2[-9.2,0.8] >0.999 8.0 [4.3,11.8] >0.999
Perceived experience (0-100)
Fatigue 6.2[3.1,9.3] 0.002 —2.4[-6.5,1.8] >0.999 —8.5[—12.3, —4.8] <0.001
Motivation 55.0 [50.7, 59.3] >0.999 —9.00 [-15.3, —2.8] 0.125 —6.1 [—11.7, —0.6] 0.804
Mood —6.0 [-9.6, —2.4] 0.033 —5.8 [-11.3, —0.3] 0.659 0.16 [—4.9, 5.2] >0.999
Stress 8.7[4.8,12.7] <0.001 —2.0[-8.1,4.1] >0.999 —-10.7 [-16.3, =5.1] 0.004
Feeling —5.0[=9.9, —0.2] 0.682 —13.5 [—21.0, —6.0] <0.012 —8.5[=15.2, —1.7] 0.363
Satisfaction —8.6[—14.5, —2.7] 0.107 —10.6 [-19.7, —1.5] 0.399 —2.0[-10.2, 6.3] >0.999
Soreness 12.2[8.9, 15.5] <0.001 3.0[=1.5,7.4] >0.999 —9.2[-13.1, =5.3] <0.001
Performance —8.3[—13.3, —3.3] 0.032 —12.0[—19.8, —4.2] 0.046 —3.7[-10.7, 3.3] >0.999
Exercise performance
Performance Index —21[-25, —17] <0.001 —33[-39, —28] <0.001 —12[-17, 25] <0.001
Acute Training Load 56 [39, 73] <0.001 318, 54] 0.199 —25[—45, —4] 0.458
Chronic Training 128, 16] <0.001 20 [14, 25] <0.001 8[3.2,13] 0.031
Load
Training Stress —44 [-58, —31] <0.001 —12.2[-30.5, 6.1] >0.999 3216, 48] 0.004
Balance
Training Stress Score 144 [83, 206 <0.001 43.3[—41.1,127.7] >0.999 —101 [—176, —26] 0.231

Note: Values are estimated Mean Differences [95% CI], p value. Boldfaced p values indicate a statistically significant effect at an alpha level of 0.05. All
presented p values are Benjamini-Hochberg corrected, hence values “>0.999”. Unadjusted p values are presented in Appendix S4. For additional context, see

Appendix S3 for group descriptive statistics.

Conversely, these metrics were not different pre- versus
post-race (Table 1).

Compared to pre-race, Training Stress Score, Chronic
Training Load, and Acute Training Load were greater
during the race. Chronic Training Load remained elevated
post-race (versus pre-race). Training Stress Balance and
Performance Index were lower during the race (versus
pre-race), with the decrements in Performance Index per-
sisting at post-race (Table 1).

4.3 | Daily change in sleep and perceived
experience within pre-race, race, and
post-race periods

We performed multiple linear mixed-effect regression
models to investigate daily change in sleep and perceived
experience outcomes within each period (Table 2).
Models with exercise performance outcomes could not

be undertaken due to data missingness. Sleep onset and
sleep offset times were delayed (Figure 2b,c), but sleep
duration and sleep quality remained stable (Figure 2a,d)
across the pre-race period. There was no statistically sig-
nificant change in any of the sleep metrics during the
race period. Self-reported stress increased progressively
during the pre-race period and remained stable there-
after during the race and post-race (Figure 2e). During
the post-race period, sleep onset times advanced progres-
sively. This was accompanied by no change in sleep dura-
tion or sleep quality, but notable declines in self-reported
soreness and fatigue.

4.4 | Associations during the Tour
de France

There were multiple statistically significant associa-
tions between primary interest variables during the Tour
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TABLE 2 Fixed effect output from linear mixed-effect regression investigating daily change in sleep and perceived experience outcomes

within competition periods (pre-race, race, and post-race).

Period
Pre-race Race Post-race
Outcome variable p [95% CI] P p [95% CI] P p [95% CI] P
Sleep
Duration (hh:mm) 1[-2,4] >0.999 1[-2,1] >0.999 51, 9] 0.337
Onset time (hh:mm) 41[2,5] <0.001 1[0,1] 0.816 —8[-10, —5] <0.001
Sleep offset time 5(3,7] <0.001 0[-1,1] >0.999 —-3[-7,1] 0.961
(hh:mm)
Quality (0-100) 0.8 [—1.5,—0.1] 0.242 —0.2[—0.4,0.1] 0.861 1.4[0.4, 2.5] 0.115
Perceived experience (0-100)
Fatigue 0.2[=0.3,0.8] >0.999 0.4 0.2, 0.6] <0.001 —2.7[-3.5,-1.8] <0.001
Motivation —0.04 [-0.9, 0.8] >0.999 —0.3[-0.6, 0.0] 0.452 0.7 [-0.6, 2.1] >0.999
Mood —0.2 [—0.9, 0.4] >0.999 —0.3 [<0.6, —0.1] 0.214 0.04 [-1.0,1.1] >0.999
Stress 1.9[1.1, 2.6] <0.001 —0.4 [—0.7, —0.1] 0.128 —0.4 [—1.6, 0.8] >0.999
Feeling —0.1[-1.0,0.8] >0.999 —0.4[—0.7,0.0] 0.238 —0.7 [-2.1,0.7] >0.999
Satisfaction —0.8[~1.90.3] >0.999 —0.2 [<0.6, 0.2] >0.999 0.00 [-1.7, 1.7] >0.999
Soreness 0.5[—0.1, 1.0] >0.999 0.6 [0.3,0.8] <0.001 —3.1[—4.0, —2.1] <0.001
Performance —0.3[—1.2,0.6] >0.999 —0.5[—0.8, —0.1] >0.999 0.1[-1.3,1.6] >0.999

Note: Coefficient reflects change in outcome per day during the specified period (pre-race, race, and post-race). Boldfaced p values indicate statistical
significance at an alpha level of 0.05. All presented p values are Benjamini-Hochberg corrected, hence values “>0.999”. Unadjusted p values are presented in
Appendix S5. Note that random intercept terms for participant account for potential unequal data contributions across participants.

de France period. Of particular note, there were posi-
tive associations between motivation and self-reported
fatigue (r=0.38, [0.23, 0.51], p<0.001; Figure 3a), and
mood and perceived performance (r=0.66, 95% CI [0.55,
0.74], p<0.001; Figure 3b). Negative associations were
present between Performance Index and sleep duration
(r=-0.32,[-0.46, —0.17], p < 0.001; Figure 3e), wake time
(r=-0.48, [-0.59, —0.34], p<0.001; Figure 3f), and sleep
quality (r=-0.34, [-0.47, —0.19], p<0.001; Figure 3c).
Training Stress Balance was negatively associated with
self-reported soreness (r=—0.51, [—0.68, —0.30], p < 0.001;
Figure 3d). Sleep duration was negatively associated with
both Acute Training Load (r=-0.60, [—0.74, —0.41],
p<0.001) and Chronic Training Load (r=-0.60, [—0.74,
—0.40], p<0.001). Correlation coefficients for all other as-
sociations between primary interest variables are provided
in Appendix S6.

5 | DISCUSSION

The present study provides novel insight into relation-
ships between sleep, perceived experiences, and exer-
cise performance of elite cyclists during acute pre-race
preparation, competition, and recovery from an intense
multi-day exercise event—the Tour de France. While

considerable between-subject variability was apparent,
most cyclists routinely attained sleep duration within the
recommended range (7-9h). We also observed changes
in sleep, perceived experience, and objective exercise load
across pre-race, race, and post-race periods. Specifically,
subjective sleep quality was reduced, and sleep timing
delayed, during the race. Linear mixed models revealed
changes as a function of time (days) in sleep onset time,
sleep offset time, self-reported stress, muscular soreness,
and fatigue in the lead-up to, during, and after the Tour
de France.

Cyclists were routinely (77% of total nights; 83% of race
nights) able to achieve sleep duration within the 7-9h
range recommended by the National Sleep Foundation
(Hirshkowitz et al., 2015), with an average sleep duration
(08:11h). This aligns with the 8.2h/night previously re-
ported by road cyclists as being sufficient during times of
heavy exercise load (Sargent et al., 2021). Furthermore,
this supports previous literature that indicates that ath-
letes from various sporting areas report sleep duration
within adequate ranges (Fullagar et al., 2022; Fullagar,
Skorski, et al., 2016; Lastella et al., 2015; Swinbourne
et al., 2016). However, 08:11 h is >1h more than the ~7h
sleep duration observed in a separate study of Tour de
France cyclists (Sargent et al., 2024). The use of differ-
ent wearable devices to estimate sleep timing (Garmin
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participant. Dotted vertical lines indicate the beginning and end of the race period. Gray shade indicates 95% confidence interval boundary.

Displayed p values are Benjamini-Hochberg corrected.

vs. WHOOP (Sargent et al., 2024)) may contribute to
this discrepancy, but delayed sleep onset and wake times
in our study (versus the previous Tour de France study
(Sargent et al., 2024); ~1-2h) could indicate that differ-
ences in team routine and race preparation may have
been influential factors. For example, it is possible that
the team in the present study preferred having daily team
activities (e.g., strategic meetings) before as opposed to
after competition. With race stages usually beginning
between 10AM and 12PM, and lasting approximately
4-6 h, variations in team priorities such as this could in-
fluence sleep timing. Furthermore, our data show a shift
toward earlier sleep onset times during the post-race pe-
riod. Sleep duration and subjective sleep quality also ap-
peared to increase during this period, though the effects
did not reach the Benjamini-Hochberg adjusted statisti-
cal significance threshold, potentially due to the limited
available data points in the post-race period. Tentatively,

sleep timing—and perhaps sleep duration and subjective
sleep quality—during the pre-race and race periods may
have been restricted and/or not sufficient for individual
athletes, with post-race rebounds occurring. These pos-
sibilities require further investigation in future studies.
Although we show that it is possible for grand-tour cy-
clists to routinely attain recommended sleep durations
during real-world competitive periods, post-race “re-
bounds” in sleep outcomes support further research to
consider that the individual sleep needs of elite athletes
may not be adequately met during competition (Fullagar
et al., 2015; Walsh et al., 2021).

We also observed that sleep duration remained stable,
but subjective sleep quality was lower, on average during
the race compared with the pre-race period. Stability in
sleep duration between race periods aligns with previous
research findings in simulated and real-world grand-tour
settings, where both a reduction or no change in sleep
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p <0.001 after Benjamini-Hochberg correction.

duration from “baseline” to race periods were observed,
respectively (Lastella et al., 2015; Sargent et al., 2024).
Conversely, the reduced subjective sleep quality observed
in the present study conflicts with the increase in subjective
sleep quality (from baseline) reported previously (Lastella
et al., 2015). However, it should be noted that in the same
study, objective actigraphy-derived sleep quality declined
in a similar fashion to that observed here in the present
study. While fragmented sleep is typically associated with
reduced sleep duration due to greater wake after sleep
onset (WASO) (Bonnet & Arand, 2007), the Garmin wrist-
watch may not have been able to adequately detect such
fragmentation (Chinoy et al., 2021; Tedesco et al., 2019).
The concurrent reduction in muscular soreness and the
potentially meaningful increase in subjective sleep quality
within the post-race period could indicate that increased

psychophysiological load contributed to sleep disturbances
during the race. The observed negative associations be-
tween sleep duration and sleep quality with Performance
Index (the frequency at which riders achieve peak power
output) during the race period is also consistent with this
reasoning (see Figure 3). Although sleep disturbances
and fragmentation might not be reflected in the Garmin-
derived estimates, they would likely manifest in the sleep
quality self-reports. Further naturalistic research, possibly
leveraging ambulatory polysomnography and/or electro-
encephalography, would be required to further elucidate
the dynamics of sleep duration and quality during real-
world endurance sporting competition.

In support of previous research that demonstrated
reduced mood during periods of increased exercise
load (Halson et al., 2002), we observed lower mood and
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self-reported performance during the race period (versus
pre-race). Given the association between these perceived
experience variables and concurrent decline, they may
reflect “event-related mood” that is influenced by vari-
ables including team dynamics, stage-to-stage travel,
and constantly changing living and sleeping quarters
with shifting accommodation during the race period.
Reduced self-reported “feeling” alongside lasting decline
in self-reported performance at post-race could suggest a
longer-term psychological effect of the competitive period
potentially akin to “burnout”. Considering that altered
subjective perception, including specific factors related to
burnout (Olsson et al., 2025), can impact (and potentially
be impacted by) performance and team cohesion (Beedie
et al., 2000; Lane et al., 2004; Lowther & Lane, 2002), our
findings reinforce the importance of monitoring athletes’
perceived experience during and, perhaps just as impor-
tantly, after real-world competition.

As we cannot determine causal direction from these
correlational observation, it could be that achieving peak
power output at a higher frequency leads to, across the
whole sample, occasions on which peak power output is
met (greater performance index scores) is followed by.

Our study had several limitations. Garmin smart-
watches (e.g., Vivosmart 3, Fenix 5S, and Forerunner
245) overestimate sleep duration in both the general pop-
ulation and athletic samples (Chinoy et al., 2021; Miller
et al.,, 2022) when compared to gold-standard polysom-
nography. This may explain, at least in part, why sleep
duration in the present study was greater than reported in
previous work (Sargent et al., 2024). Furthermore, Garmin
“wake after sleep onset” data were not available, meaning
we could not cross-reference subjective sleep quality with
objective indices (i.e., nighttime awakening frequency or
sleep efficiency). Additionally, Arc Mobile questionnaire
items are yet to be formally validated against their target
constructs. However, their use in the present study neces-
sarily provided low-burden measurement that minimized
disruption to team processes and, thus, maximized eco-
logical validity. It is also possible that unknown medical
history, injuries, and/or stimulant consumption (e.g., caf-
feine use) may have influenced some of the key study out-
comes, as these data were not available to be included as
covariates in the analyses. We were also unable to account
for the temporal dependency between sleep and daytime
activity (i.e., cycling, in this context) within the 24-h day,
which may have contributed to some of the observed
negative associations between sleep (timing and dura-
tion) and performance metrics. Lastly, our niche sample
limited our ability to statistically model sleep-dependent
change in outcomes of interest and reduces the degree
to which findings can be generalized beyond the Tour

sssss

de France and to other sporting populations. However,
our sample is comparable to and greater than several of
those used in relevant prior works (Earnest et al., 2004;
Martinez-Gonzalez, 2019; Muriel et al., 2021), and is
largely unavoidable in elite sporting research, particularly
during race competition.

This study offers a unique insight into elite cyclists’
sleep, perceived experience, and exercise functioning
during a near-6-week period containing the Tour de
France. Notably, while there were interindividual differ-
ences, overall, riders were able to attain sleep durations
within recommended ranges. Findings demonstrate
temporal changes in, and associations between, sleep
timing, self-reported experience, and exercise function-
ing (e.g., mood, fatigue, and training stress) relative to
pre-race, race, and post-race periods. However, further
research conducted in similar real-world sporting con-
texts, and using a larger sample, is warranted to more
specifically test if perceived experiences and exercise
functioning surrounding periods of intense endur-
ance competition are sleep-dependent and potentially
amenable to interventions aimed at improving sleep and
performance.
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