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Abstract

Background: Many elite athletes have suboptimal sleep duration and efficiency, potentially due to factors that may
impact sleep onset and offset times. Variability in sleep onset and offset may negatively influence sleep. The sleep
regularity index (SRI) is a novel metric for sleep regularity, however there are no published descriptions of SRl in elite
athletes. Further, contributors to sleep efficiency and duration in elite athletes using objective measures have not
been explored.

Methods: Sleep was monitored over a minimum of seven consecutive days (7 to 43)—in 203 elite team sport ath-
letes (age range = 19-36 years; female, n =79; male, n =124, total sleep nights = 1975) using activity monitoring and
sleep diaries. The sleep regularity index (SRI) was calculated to reflect the night-to-night shifts in sleep by accounting
for changes in sleep onset and sleep offset. Sleep characteristics were compared between regular and irregular sleep-
ers and important contributors to sleep efficiency and total sleep time were assessed using multiple linear regression
models.

Results: The median sleep regularity index and interquartile range were 85.1 (81.4 to 88.8). When compared to
irregular sleepers, regular sleepers demonstrated (1) significantly greater sleep efficiency (p =0.006; 0.31 medium
effect size [ES]), (2) significantly less variability in total sleep time (—p <0.001; — 0.69, large ES) and sleep efficiency
(—0.34, small ES), (3) similar total sleep time and (4) significantly less variation in sleep onset (p <0.001;, —0.73, large
ES) and offset (p < 0.001; — 0.74, large ES) times. Sleep characteristics explained 73% and 22% of the variance in total
sleep time and sleep efficiency, respectively. The most important contributor to total sleep time was a later sleep
offset time, while the most important contributors to sleep efficiency were an earlier bedtime and less variable sleep
onset times.

Conclusions: Bedtime and a consistent sleep onset time are important factors associated with sleep efficiency in
athletes, while sleep offset is an important factor for total sleep time. Coaches and staff can assist their athletes by
providing training schedules that allow for both regularity and sufficiency of time in bed where possible.
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Key Points

+ The median sleep regularity index and interquartile
range in elite team sport athletes were 85 (80 to 88.3).

+ SRI had a medium effect on sleep efficiency however,
SRI had no impact on total sleep time.

+ When compared to irregular sleepers, regular sleep-
ers demonstrated significantly earlier sleep onset and
offset times, and less variable total sleep time and
sleep efficiency; there was no difference between
groups in total sleep time.

+ The most important contributor to total sleep time
was a later sleep offset time, while the most impor-
tant contributors to sleep efficiency were an earlier
bedtime and less variable sleep onset times.

« Data from this study suggest that avoiding behaviours
which may result in delayed sleep onset times may be
important for sleep quality, while delaying sleep off-
set times may be important for sleep duration in elite
athletes.

Introduction

The importance of optimal sleep for athletes is becoming
increasingly recognised; as such there is a concomitant
increase in descriptive sleep data in athletes [1, 2]. On
average, elite athletes have a lower than recommended
sleep duration and sleep quality [1, 3-5], potentially due
to training and competition times [6, 7], travel [8], stress
[9], caffeine [10] and/or social media use [11]. Given the
factors mentioned above, sleep onset and offset times in
athletes may show substantial variation over time.

Most sleep research in athletes reports mean sleep
characteristics over a specified monitoring period. How-
ever, calculation of sleep regularity or intraindividual var-
iation is becoming popular in sleep science research [12,
13]. High variability in night-to-night sleep is related to
objectively measured poor quality sleep, subjective sleep
complaints and insomnia [14, 15]. Further, in a recent
systematic review [16], daily intraindividual variability of
sleep/wake patterns in the general population was asso-
ciated with important physical and mental health out-
comes. These included higher body mass index, weight
gain, bipolar or depression symptomology, stress, symp-
toms of insomnia and poor sleep [16]. Investigating
regularity of sleep, in elite athletes, may provide a more
comprehensive understanding of athletes’ sleep behav-
iours. To date, only one study has examined sleep regu-
larity in elite athletes, reporting that senior rugby league
players exhibit less intraindividual variability in bedtime
and sleep onset time compared with the junior level ath-
letes. However, this study compared bed and wake time
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variation between senior and junior athletes and did not
relate this variability to other aspects of sleep [17]. The
sleep regularity index (SRI) has recently been proposed
as a novel metric for sleep regularity [13]. The SRI cal-
culates the percentage probability that an individual is in
the same state (i.e. sleep vs. awake) at any two time points
24 h apart and to date has not been described in elite ath-
letes. Given the potential variation in bed and wake times
in elite athletes, and therefore sleep duration, the SRI
appears an appropriate means to calculate and reflect the
daily fluctuations in both sleep timing and sleep duration.

This is the first study of its kind to examine sleep regu-
larity in a large cohort of male and female elite athletes
and relate sleep regularity to sleep efficiency (indictor of
sleep quality) and sleep duration. The aims of this study
were to (1) report the SRI of 203 elite athletes over a
minimum of 7 nights, (2) compare sleep characteristics
between regular and irregular sleepers and (3) identify
important contributors to sleep efficiency and duration,
including regularity, in elite athletes. It is hypothesised
that a greater daily variation in sleep duration, sleep
onset and sleep offset times will result in reduced sleep
efficiency in male and female elite athletes.

Methods

Participants

Sleep was monitored over a minimum of 7 nights in 203
athletes providing a total of 1975 nights of sleep. Pro-
fessional elite athletes from four team sports (Netball,
Australian Rules Football, Rugby League, Soccer) (age
range =19-36 years; female, n=79; male, n=124) gave
informed consent to participate in the study. Participants
were excluded if they were training or sleeping at altitude,
if they were injured, if they reported a clinical diagnosis
of a sleep disorder, or if they had undertaken transmerid-
ian travel in the 2 weeks prior to data collection. All data
collection occurred outside of competition periods and
in the athlete’s typical training and sleep environment.
Information on bed partners was not collected. The study
was conducted in accordance with the standards of ethics
outlined in the Declaration of Helsinki and was approved
by the Australian Institute of Sport Human Research Eth-
ics Committee.

Procedures

Athletes’ sleep/wake behaviour was monitored using
wrist activity monitors in conjunction with self-report
paper sleep diaries. Each athlete wore an activity monitor
on the same wrist throughout the data collection period,
except when showering, swimming, or training. The sleep
diaries were used to record two pieces of information
for each night-time sleep: start date/time and end date/
time. Daytime naps were not recorded. Athletes were
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instructed to complete their sleep diary each morning
within 30 min after waking. There was no experimental
manipulation of the athletes’ training schedules or sleep/
wake behaviours and the athletes were free to consume
nutritional supplements, caffeine or alcohol during the
data collection period. Information regarding medication
use (including sleeping pills) was not collected.

Sleep Measurement
Two different models of activity monitor—produced
by a sole manufacturer—were used in this study (Acti-
watch-64 and Actical Z-series; Philips Respironics; Ore-
gon, USA). Devices were configured to sum and store
data in 1-min epochs based on activity counts from a pie-
zoelectric accelerometer with a sensitivity of 0.05 g and
a sampling rate of 32 Hz. Data from the sleep diary and
activity monitor were used to determine when partici-
pants were awake and when they were asleep. Essentially,
all time was scored as wake unless: (i) the sleep diary
indicated that the athlete was lying down attempting to
sleep and (ii) the activity counts from the monitor were
sufficiently low to indicate that the athlete was immobile
[26]. When these two conditions were satisfied simulta-
neously, time was scored as sleep. In this study, sensitiv-
ity was set at medium, which corresponds to a threshold
activity count of 40. This scoring process was conducted
using the Philips Respironics’ Actiwatch algorithm. Vali-
dation studies comparing wrist activity monitors with
polysomnography report high levels of agreement in
healthy adults (88%) [21] and well-trained athletes (81—
90%). [22]

For each athlete, the following variables were derived
for each sleep period:

+ Bedtime (h:min): time at which the athlete attempted
to initiate sleep;

«+ Sleep onset (h:min): the time at which an athlete first
fell asleep after going to bed;

«+ Sleep offset (h:min): the time at which an athlete last
woke before getting up;

+ Sleep period (h): the time between sleep onset and
sleep offset;

+ Total sleep time: (h): the amount of sleep obtained
during a sleep period;

« Sleep efficiency (%): total sleep time expressed as a
percentage of the sleep period;

+ Midpoint of sleep (h:min): time of the day at which
the middle of the sleep period occurred;

+ Sleep onset latency (min): the period of time between
bedtime and sleep start.
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Data Analysis

All data and statistical analyses were conducted in
RStudio (Version 1.1.463) using the R programming
language (Version 4.0.5, Shake and Throw). Due to
data being non-normally distributed, evidenced by
significant Shapiro—Wilk tests (p<0.05) and visual
inspection of Q—-Q plots, the median and interquartile
range were used as measures of central tendency and
dispersion, respectively.

The sleep regularity index (SRI) was calculated to
reflect the night-to-night shifts in sleep cycles by
accounting for changes in sleep onset and sleep offset
over the longest interval of whole number of weeks
(i.e. 7 days, 14 days, 21 days). The SRI is a metric that
calculates the likelihood of sleep—wake cycles match-
ing from 1 day to the next, which is then aggregated
over a given period [13], using the following formula:

M N
8 (sijr Si+1/)
j=1 i=1

200
SRI = —-100 + ————
M — 1)
where N is the number of days and M is the number of
epochs per day (1-min epochs in this study). The func-
tion 5(5,' ,j,si+1,j) is equal to one, when the sleep—wake
state is the same 24 h apart, otherwise zero. For exam-
ple, if sleep occurred at 22:00 h on Monday and occurred
at 22:00 h on Tuesday, then 1 was coded for the minute
epoch. Only diurnal shifts in sleep onset and offset times
were used to calculate SRI (i.e. daytime naps and wake
after sleep onset were not assessed). Scores of 100 for
SRI indicate that sleep—wake cycles are identical between
days over the period, whereas a score of 0 would indi-
cate no overlap between consecutive sleep—wake cycles.
Participants were then classified as regular (n=42) or
irregular (n=46) sleepers if they were in the top or bot-
tom quintile based on their SRI score, respectively. Addi-
tionally, variability in sleep onset, offset, sleep efficiency
and total sleep time were captured in two ways for each
athlete; firstly, the median absolute deviation (MAD) was
calculated to reflect individualised variation, relative to
each individual’s median values. Secondly, absolute varia-
tion was calculated as the difference to the previous night
for each variable. For example, if an individual had a sleep
onset time of 22:00 h on night one and a sleep onset time
of 21:30 h on night two, they would have a sleep onset
variation of 30 min, these scores were then aggregated
over the study period.

Statistical Analyses

Aggregated data across all days were analysed for all par-
ticipants. Differences in sleep characteristics between
regular and irregular sleepers were assessed using the
Wilcoxon rank sum test. The magnitude of differences
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Fig. 1 Daily sleep behaviours for A sleep onset time, B sleep offset time, C total sleep duration and D sleep efficiency for irreqular and regular

were interpreted with effect sizes (r) and 95% confidence
intervals as trivial <0.10 small, <0.3; medium <0.5; and
large,>0.5 [18] using the rcompanion package.

The influence of sleep behaviour over the data collec-
tion period on total sleep time and sleep efficiency was
assessed using a number of machine learning algorithms
to determine the most effective model. The algorithms
included random forest regressions, elastic net regres-
sions, boosted generalised additive models and multi-
ple linear regressions using the caret package in R. Data
were split into a training set (80%) and a testing set (20%).
Subsequently, tenfold cross-validation with 5 repeats was
used to train each model, with the final, tuned model
being tested on the hold-out set. Separate models were
built for total sleep time and sleep efficiency. Predic-
tor variables included SRI, sleep onset time, sleep offset
time, sleep midpoint time, individualised variation of
sleep onset and offset (captured by the MAD), absolute
sleep onset and offset variation: total sleep time and effi-
ciency were also included in the efficiency and total sleep
time models, respectively. The linear regression offered
the best fit and accuracy on testing data, highlighted by
the highest coefficient of determination (R* and low-
est normalised root mean square error (NRMSE; %),

respectively. Variance inflation factor (VIF) was used to
assess collinearity issues between variables, with a score
of > 10 used to remove variables; normality of the residu-
als was checked via a density plot.

Results

Table 1 shows the descriptive data for sleep characteris-
tics across the entire group. There were no significant dif-
ferences in sleep duration between regular and irregular
sleepers, characterised by only trivial or small differences
in bedtime, sleep onset, offset and midpoint. Further,
there was no significant difference in average total sleep
time, but there was less variation (p <0.001) in regular
sleepers. Regular sleepers did have significantly better
sleep efficiency and also less variation in sleep efficiency,
with a medium effect size difference. There was no dif-
ference in sleep onset latency between groups, with only
a trivial difference observed. The daily sleep character-
istics for both regular and irregular sleepers is shown in
Fig. 1. This figure highlights that there is little difference
in sleep onset (Fig. 1A) other than later and more variable
onset on Friday and Saturday in irregular sleepers. Fur-
ther, there is a similar pattern observed for sleep offset
(Fig. 1B). These similarities are reflected by similar sleep
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Average bedtime {

Average sleep onset time

Individualised sleep onset (MAD)
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Average sleep onset variation 1

Sleep regularity index

Average sleep offset variation 1

Average sleep offset time 1

Average sleep midpoint time 1

Average sleep duration 1
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Feature Importance
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100

models, variance inflation factor [VIF]=11.9)

Fig. 2 Importance of each variable for A average total sleep time and B average sleep efficiency over all days from the linear regression model.
MAD = median absolute deviation; *Greyed out variables were removed from the final model due to collinearity issues (sleep midpoint both
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durations across each day of the week (Fig. 1C). Sleep
efficiency is consistently higher in regular sleepers irre-
spective of week day (Fig. 1D).

Total Sleep Time

The linear regression for total sleep time achieved an
R?* value of 0.79 on the training set and an RMSE of
21 min. On the test set, the model achieved an R* of
0.78, explaining 78% of variance in total sleep time and
a normalised RMSE of 3.6%. The most important pre-
dictor was sleep offset time, followed by sleep onset
and bedtime. The remaining variables had little effect
on total sleep time; sleep regularity had no effect on
model accuracy (Fig. 2A). The relationship between
SRI and total sleep time in Fig. 3A highlights the lack
of any association between sleep regularity and total
sleep time.

Sleep Efficiency

On the training set, the linear regression achieved
an R? value of 0.15 and RMSE of 6.5%. On the hold-
out test set, the final model achieved an R* of 0.22,
explaining 22% of variance in sleep efficiency with a

normalised RMSE of 5.8%, showing moderate predic-
tive performance of predictors on sleep efficiency. The
importance of the predictors is shown in Fig. 2B; the
most important predictors to sleep efficiency were
average bedtime, sleep onset time, followed by indi-
vidualised sleep onset and offset (MAD), average sleep
onset variation and SRI. The relationship between SRI
and sleep efficiency is shown in Fig. 3B with four pro-
files used to highlight the individual nature of sleep
regularity and efficiency, where regular sleepers can
have poor sleep efficiency and vice versa as shown in
Fig. 4.

Discussion

The aims of this study were to (i) assess sleep regularity
over a minimum of 7 nights in elite athletes, (ii) com-
pare sleep characteristics between regular and irregular
sleepers and (iii) identify important contributors to total
sleep time and sleep efficiency in elite athletes. The main
findings of the study are that (a) the athletes in this study
were good sleepers, with an average sleep duration of
more than 8 h and an average sleep efficiency of 86.5%;
(b) the median sleep regularity index was 85.1 (81.4 to
88.8), which is similar to data reported in both Australian
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1. Irregular sleeper, good efficiency | I

2. Irregular sleeper, poor efficiency

Monday 8.1 hrs 7.6 hrs
Tuesday ) 8.3 hrs 7hrs
Wednesday 8.8 hrs 10.8 hrs
Thursday 8.7 hrs 9.1 hrs
Friday 5.5 hrs 9.2 hrs
Saturday 5.5hrs oEmmE——— 3.8hrs
Sunday 9.5 hrs 9.7 hrs Sleep Efficiency (%)
90
3. Regular sleeper, good efficiency | I 4. Regular sleeper, poor efficiency I 80
Monday 8.1 hrs 8 hrs I ;g
Tuesday 8hrs 6.9hrs
Wednesday 9hrs 8 hrs
Thursday 7.8 hrs 7.4 hrs
Friday 6.8 hrs 8.4hrs
Saturday 8hrs 9.4 hrs
Sunday 8.6 hrs 9.8 hrs
23:00 02:00 05:00 08:00 11:00 23:00 02:00 05:00 08:00 11:00

Time of Day (hrs:min)
Fig. 4 Individual sleep profiles for four athletes, that selected to reflect the individual nature of the relationships showing a (1) irregular sleeper with
good sleep efficiency; (2) irregular sleeper with poor sleep efficiency; (3) regular sleeper with good sleep efficiency; (4) reqular sleeper with poor
sleep efficiency. Each bar reflects total sleep time with the colour highlighting sleep efficiency across each day of the week

University students (SRI: 79.85=+8.6) [19] and US college
students (SRI: 734 11) [13]; and (c) the SRI had no impact
on total sleep time, but did influence sleep efficiency.
When compared to irregular sleepers, regular sleepers
demonstrated, (1) significantly greater sleep efficiency,
(2) significantly less variability in total sleep time and
sleep efficiency, (3) similar total sleep time and (4) signifi-
cantly less variation in sleep onset (p <0.001; — 0.73, large
ES) and offset (p <0.001;—0.74, large ES) times. Sleep
characteristics explained 73% and 22% of the variance
in total sleep time and sleep efficiency, respectively. The
most important contributor to total sleep time was a later
sleep offset time, while the most important contributors
to sleep efficiency were an earlier bedtime and less vari-
able sleep onset times. Bedtime and a consistent sleep
onset time are important factors associated with sleep
efficiency in athletes, while sleep offset is an important
factor for total sleep time. Coaches and staff can assist
their athletes by providing training schedules that allow
for both regularity and sufficiency of time in bed where
possible.

Due to the relatively recent development of the SRI,
there are no studies that have reported this metric in
athletes and additionally, there are few studies that have

reported this metric in populations of a similar age to the
current study. Phillips et al. [13] reported a mean SRI in
Australian university students similar to the median SRI
of athletes in the present study and reported that sleep
regularity was independent of sleep duration, with no
difference in sleep duration when comparing regular to
irregular sleepers [13]. A consistent weekend sleep off-
set time has been reported to result in a longer week-
day sleep duration in non-shift working adults (age
23-48 years) using questionnaires and self-report [20].
Many elite athletes will have at least one non-training
day per week (typically Sunday), thereby increasing the
likelihood that they will have later sleep offset times on
this day. This has the potential to increase the SRI in this
population.

Despite the difference in sleep efficiency between regu-
lar and irregular sleepers, SRI had little predictive effect
on sleep efficiency, in fact, sleep behaviours accounted for
22% of the variance in sleep efficiency. Further, sleep effi-
ciency was largely homogenous in the group, with an IQR
ranging from 82 to 91%, making predictive modelling dif-
ficult due to a lack of variance in the data. In spite of this,
(early) bedtime was the most important factor influencing
sleep efficiency. This was followed by individualised sleep
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onset (MAD), average sleep onset variation, average sleep
onset time and average sleep duration. As such, while sleep
behaviours do not explain all the variance in sleep effi-
ciency, it does highlight that bedtime and low variability in
sleep onset times may be important for sleep quality in ath-
letes. Indeed, as shown in Fig. 1, regular sleepers showed
relatively consistent onset and offset times, irrespective of
the day of the week, in comparison with irregular sleepers.
It should be noted that the major variation in sleep onset
and offset times occurred on Friday and Saturday which
may be due in part to a rest day on Sunday and/or behav-
ioural factors that may be within the control of the athlete.
However, it is not always possible for athletes to initiate
sleep at a prescribed or specific time, which may result
in large variability in sleep onset times, as shown by Ath-
letes one and two in Fig. 3. This may be due to late train-
ing or competition times, other evening commitments,
or they may not be biologically able to sleep at a certain
time. Encouraging earlier bedtimes may also result in sleep
onset issues if athletes are trying to ‘force’ sleep. Education
regarding minimising behaviours that may contribute to
inappropriate sleep onset times, may improve sleep quality
in elite athletes. The most important factor identified for
total sleep time was a later sleep offset time. Less impor-
tant factors included: bedtime, sleep onset time and sleep
efficiency. The finding of the importance of later sleep off-
set times is supported by research suggesting that early
morning training sessions are associated with reduced
sleep durations in elite athletes [21]. Further, athletes may
have significantly later sleep offset times on non-training
days, seemingly to ‘catch-up’ on sleep lost on training days
[21]. Delaying training start times should increase sleep
opportunity and also potentially reduce the discrepancy
between training and non-training days. It is acknowl-
edged that access to facilities, timing of travel and compe-
tition may influence the ability to optimally schedule sleep
opportunities for athletes. However, delayed training start
times, when possible, may be a potential means of protect-
ing sleep in elite athletes.

The biological bases of sleep, driven by the two-pro-
cess model of sleep (homeostatic drive and the circadian
clock) are relatively stable across days in individuals fol-
lowing a diurnal sleep/wake schedule [16]. However,
sleep regularity can be affected by other factors, many of
which may be identified and potentially modified. Fac-
tors such as scheduling of training, psychological stress,
stimulant use (caffeine) and societal and cultural influ-
ences may impact on sleep regularity and provide insight
into the aetiology of poor sleep in athletes. Data from this
study suggest that avoiding behaviours which may result
in delayed sleep onset times may be important for sleep
quality, while delaying sleep offset times may be impor-
tant for sleep duration in elite athletes.
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Limitations

It should be noted that the SRI used in the present
study reflects the shifts in night-time sleep onset and
sleep offset and does not consider daytime naps or
wake bouts throughout the night. Future work should
establish the influence of all sleep episodes on SRI. Ath-
letes in the current study were not competing, therefore
removing an important potential contributor to varia-
bility in sleep onset and offset times [22-25]. It is likely
that due to evening competition and therefore late bed-
times for many elite team sports, the SRI may be higher
during competition periods. Other information such
as bed partners and sleep medication use were not col-
lected. Further, other periods of potential disruption
such as transmeridian travel did not occur during the
assessment period. Including these factors would have
likely increased group heterogeneity and may have
improved predictive performance of sleep behaviours
on sleep. While sleep regularity had no effect on total
sleep time, it is possible that sleep regularity may affect
other factors relating to athletes’ performance. This
may include pre-training fatigue, daytime sleepiness
and/or mental fatigue, which were not measured in
this study. Finally, examining the association between
sleep regularity and outcome measures such as illness,
injury and performance will aid in determining relative
importance of sleep regularity in elite athletes.

Conclusion

In summary, regular sleepers had greater sleep effi-
ciency, less variability in sleep efficiency and total
sleep time, but similar total sleep time compared with
irregular sleepers. Bedtime, sleep onset and sleep offset
times influence sleep efficiency and total sleep time in
athletes. While sleep behaviours only explained 22% of
the variance in sleep efficiency, at the elite level, small
changes may have large consequences for performance
outcomes. As such, coaches and staff can assist their
athletes by providing training schedules that allow for
both regularity and sufficiency of time in bed where
possible.
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