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Objective: Light exposure techniques have been recommended to combat sleep issues caused by disruption to circadian regularity in
the athletic population, although studies are lacking.

Methods: A total of 17 professional male Australian Football athletes (age = SD: 22 + 3 years) wore a wrist actigraph to measure
sleep parameters, and a wearable light sensor to measure melanopic equivalent daylight illuminance (mEDI, in lux) for 14 days.
Participants completed three sleep questionnaires at the end of the data collection period and completed well-being surveys 6 times.
The Sleep Regularity Index (SRI) for each player was also calculated from actigraphy data. Light exposure data were organised into
three different timeframes: morning (wake time + 2 hours), daytime (end of morning to 6 pm), and evening (2 hours leading up to
bedtime) for analysis. Repeated measures correlation was conducted for objective sleep measures and mEDI values per timeframe.
Pearson’s correlation was conducted on subjective sleep measures and well-being measures against mEDI values per timeframe.
Results: Higher morning light was associated with significantly (» < 0.001) greater total sleep time (» = 0.31). Higher daytime light
exposure was associated with higher subjective sleep quality (» = 0.48, p < 0.05). Higher evening light exposure was associated with
higher Athlete Sleep Screening Questionnaire (ASSQ) global scores (» = 0.52, p < 0.05). There were no other significant correlations
between light exposure and sleep or well-being measures (p > 0.05).

Conclusion: Higher morning and daylight exposure levels were associated with various positive objective and subjective sleep
measures in professional team sport athletes, supporting the need for education on optimising light exposure to improve circadian
function, sleep, and health.
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Introduction
It has been reported that elite athletes may struggle to meet the recommended guidelines for sleep,' negatively impacting
their capacity to train and perform in their chosen sport® as sleep is crucial for the physiological, cognitive, and
psychological aspects of athletic performance.” One of the most important cues for circadian rhythms and sleep is the
exposure to natural light intensities during the morning and daytime, and dim light in the evening.® Attempts have been
made to use artificial light exposure in athletes as a means to improve sleep, with limited success.* However, there is
a paucity of studies describing the light exposure habits of athletes, and their impact on sleep and well-being metrics.
Team sport athletes may have an increased likelihood of poor sleep™® due to various factors including environmental
factors such as light or noise,” and late-night matches.® Furthermore, increases in core temperature,” muscle tension, and
pain following training or competition can cause athletes to experience poor sleep’ and can ultimately have detrimental
consequences on an athlete’s performance, well-being, and psychophysiological recovery measures.” Furthermore,
increases in acute training load may be associated with increased wake after sleep onset, and decreased sleep duration,
efficiency and quality in Australian Football League (AFL) players.'®
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Alarmingly, 59.1% of team-sport athletes lack a strategy to address sleep disturbances.® Implementing sleep hygiene
protocols (eg, maintaining consistent bed and wake times, avoiding late naps, sleeping in a cool and dark environment,
avoiding blue-light emitting technology before bedtime) has returned positive results for short-term sleep efficiency and
sleep latency in elite cricket players'' and also increases in total sleep time in elite netball players.'? However, while
often included in sleep hygiene education, details on the light exposure habits in athletes are still largely unknown.

It has been proposed that sleep and wakefulness are regulated by a two-process model of homeostatic drive (Process S)
and circadian drive (Process C)."* The suprachiasmatic nuclei synchronises these processes using light signals of varying
intensities as the main environmental cue.'* Timing of light exposure is important as daylight aids wakefulness and
alertness in the early day, whereas the absence of light in the evening promotes sleepiness.'> Team sport athletes may
experience challenges in obtaining sufficient natural light due to indoor training (eg, morning gym sessions, team meetings)
and increased exposure to artificial light from electronic devices'® and competition in brightly lit venues.”

In a within-subject cross-over study on recreational athletes exploring light regulation, participants underwent
combined sleep schedules with either light regulation or no light regulation.” Athletes with a strict sleep-wake cycle
reported improved sleep onset latency (ASOL = 17 min) and higher subjective sleep quality. However, athletes with
a more flexible sleep-wake cycle also improved sleep-reported sleep onset latency with light regulation (ASOL = 8 min).*
Another study found that students without sun exposure or exercise for a week had significantly later bed and wake times
than those receiving 30 minutes of light exposure or both aerobic exercise and sun exposure.'” Higher daytime light
exposure was associated with less frequent tiredness (OR = 0.80-0.82),'” suggesting that low daytime light exposure can
be classed as a critical environmental risk factor when considering sleep, mood, and circadian-related outcomes.'®

The development of new technologies to continuously measure light exposure during daily activities in humans has
seen recent advancements. For example, wearable light-sensing devices placed on or around the collar that track the
intensity, spectrum, and pattern of light exposure in free-living conditions'® and workplace settings®® have been reported
in the last few years. Past studies relied on lux as the main measurement for exploring light exposure habits in humans;
however, photopic lux has been reported to be limited in its ability to quantify the circadian effects of light in humans.?!
Therefore, more recently, melanopic equivalent daytime illuminance (mEDI) has been proposed.”? The standardised
metric mEDI quantifies light for its ability to activate the melanopsin-based photoreception of intrinsically photosensitive
retinal ganglion cells (ipRGCs)*! and has been reported to be a robust predictor of nonvisual responses such as melatonin
suppression and circadian phase resetting under a wide range of conditions.*?

Despite recommendations for light regulation to enhance subjective sleep,® to our knowledge, no studies have
measured light exposure and sleep outcomes in an elite athlete setting. Further, there is a lack of research on the
relationship between sleep/wake routines, assessed using the sleep regularity index (SRI),> and light exposure habits in
athletes. Therefore, this study aimed to investigate the relationship between light exposure during the morning,
throughout the day, and in the evening, on sleep and well-being metrics over 15 days in a cohort of professional
Australian Football League players.

Methods
Participants

An information session regarding the study was presented to a single football club in the top league of the Australian
Football League (~30 athletes), and the option to volunteer in the study was given. Following the presentation, 20 athletes
volunteered to participate in the study, with the other 10 either being injured at the time or not participating in full training.
A sample of 17 male professional Australian Football athletes (mean = SD; age: 22 + 3 years; height: 188 + 8 cm; body
mass: 87 £ 6 kg) completed the study, with three athletes not completing due to two injuries following the start of the study
and one light button breaking during the study, reducing our sample to 17. All athletes were of elite standard and amongst
the best players in the world in their given sport according to the classification as outlined by McKay and colleagues®*. The
study took place during the summer (January) in Melbourne, Australia, during the early pre-season phase of the AFL
schedule. All participants were undertaking ~5 days of training consisting of between 8 and 12 sessions throughout each
week during the study (including on-field training and strength and conditioning sessions). Total training hours were ~18
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hours per week. Athletes provided informed consent to take part in the study, and ethical approval was obtained through the
La Trobe University’s Human Research Ethics Committee (#HEC22369) and is in accordance with the Declaration of
Helsinki.

Study Design

The current study implemented an observational study design. Participants wore a wrist actigraphy device and a wearable
light sensor attached to the collar of their clothing for 14 complete days (15 nights). Participants were instructed to wear
their actigraphs and wearable light sensors throughout the entire study and were instructed to only take wearable light
sensors off during training (placed on a table within the same lighting environment — either outside in full natural light or
inside on a table in the gym), when showering, and when sleeping (set on their bedside table, with sensors unobstructed
during the night). Participants were instructed to avoid covering their light button at any stage and maintain their normal
sleeping and light exposure habits throughout the study period.

Sleep Monitoring

Athletes were instructed to wear an actigraphy device (Fitbit Charge 5, Fitbit Inc, San Francisco, CA, USA) on their wrist
to measure their sleep and day-to-day activity. The device was worn on either the dominant or non-dominant wrist,
whatever was the most comfortable for the individual.”> The device was a wearable fitness tracker embedded with
a triaxial accelerometer and uses Bluetooth to automatically connect and transfer data to a smartphone via a software
application. Previous studies have found that wrist actigraphy devices from the same manufacturer have shown no
significant difference (p > 0.05) in sleep onset latency and total sleep time in healthy adults when compared to the gold
standard polysomnography.*® Indeed, devices from this manufacturer have also been reported to outperform many other
consumable wearables, and research-grade actigraphy devices, deeming them appropriate for determining sleep duration
in human participants.?” Sleep indices including total sleep time (TST), total time in bed (TTB), sleep efficiency (SE),
sleep latency (SL), sleep time (ST), and wake time (WT) were used to assess athlete sleep patterns and behaviours in the
current study. These sleep metrics were used, as they have been deemed as the most accurate measures from actigraphy,
when compared to polysomnography.?®

Wearable Light Sensing Devices

Daily light exposure was measured with a lightweight, wearable light sensor (LYS Button by LYS Technologies LTD™,
Copenhagen, Denmark). The wearable light sensor is a small clip-on monitor that collects ambient light in the visible and
near-infrared spectra (Figure 1). The device tracks the number of spectral properties of light a user is exposed to every 15
seconds and transmits data via Bluetooth to a smartphone containing the manufacturer’s software (LYS Collect, LYS
technologies LTD™, Copenhagen, Denmark). The wearable light sensors measure melanopic equivalent daylight illumi-
nance (mEDI —measured in lux). According to the manufacturers, the sensor has a mean standard error of 5-10% depending

on intensity, with an engineered bias to indoor lighting scenes (ie, illuminances between 0 and 500 1x). Light meters were

Light sensors Charging pins

Clip for attachment to clothing

Figure | The wearable light sensing devices (LYS technologies LTD) used in the current study.
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worn on each participant’s clothing (on the collar) during waking hours and placed on the bedside table at night when
athletes were asleep. Unpublished observations from our laboratory indicate that the wearable light sensors used in the
current study are both valid and reliable when compared to a gold standard light meter. The coefficient of variation (CV%)
when compared to a gold standard light meter (LX1330B, Dr.Meter, California, USA) was deemed acceptable (CV ~ 1.8%,
typical error of estimate = 9.5 lux). Inter-device reliability was also deemed acceptable (CV ~ 2.5%, ICC ~0.92).

Data Collection Procedures

Data collection occurred between January 9th and January 24th (summer), in Melbourne, Australia (coordinates = 37.8136°
S, 144.9631° E), Australian Eastern Daylight Time. During the study period, average daily temperature 21 + 3 °C and
average rainfall was 0.66 + 1.83 mm. Natural daylight duration started at 0617 h + 0:04 h:mins (sunrise) to 0841 h + 0:01 h:
mins (sunset) during the data collection period. Data were collected from both sleep monitoring and light sensing devices
daily when synced to a mobile device and transferred to a computer for further analysis. mEDI (in lux) was measured and
used to assess athlete’s light exposure every 15 seconds throughout the entire data collection period.

Preparation and Treatment of Light Data

The following treatment of light data was performed in Python. The presence of values indicating that there was no light
and no movement detected during waking hours were removed, as it was likely that their wearable device was not on
their person. Secondly, outlier detection was carried out using a median imputation approach, whereby the interquartile
range was calculated for each athlete at 5-minute intervals. Any mEDI values above the upper bound of the IQR were
considered an outlier. Each upper bound was specific to the athlete and each 5-minute interval. This was then iterated
over the raw data for the whole 2-week data collection period. After outlier detection, the median value for each athlete in
5-minute periods was imputed. Light data were then aggregated into three different timeframes: morning: whereby light
data were individually extracted for two hours post-wake time, daytime light exposure (two hours post-individual wake
time to 6 pm) and evening light exposure (two hours before individual bedtime) on each separate day of data collection.

Well-Being Data

Athletes completed a wellness survey every morning of main training or craft skills training (3 times per week). The
survey data were completed on their mobile devices between waking and 0900 h. Survey data included an athlete self-
rating on a scale of 1-10 on their motivation, and sleep quality, with; 1 = very poor, and 10 = excellent.

Athlete Sleep Behaviour Questionnaire (ASBQ)

The Athlete Sleep Behaviour Questionnaire (ASBQ) is an 18-item self-rated questionnaire regarding sleep habits and sleep
behaviour among elite athletes. The ASBQ has been used as a practical tool to help identify maladaptive sleep behaviours.?®
The questionnaire asks participants how frequently they engaged in specific behaviours over the past month (never, rarely,
sometimes, frequently, or always) and the weighting for each response (1 = never, 2 = rarely, 3 = sometimes, 4 = frequently,
and 5 = always) was summed to provide an ASBQ global score. A high ASBQ score (>42) is indicative of poor sleep
behaviours, 37-41 corresponds to “moderate” sleep behaviour, and a low score (<36) indicates no problems with athletes’
sleep behaviours.?® This is the only questionnaire that identifies sleep behaviours specific to athletes*® and has been reported
to have acceptable reliability (Intraclass correlation = 0.87) when re-tested and has moderate to large correlations with
validated questionnaires such as Sleep Hygiene Index (SHI), the Epworth Sleepiness Scale (ESS) and the Pittsburgh Sleep
Quality Index (PSQI).*®

Athlete Sleep Screening Questionnaire (ASSQ)

The Athlete Sleep Screening Questionnaire (ASSQ) is a self-rated 15-item questionnaire used to distinguish clinically
significant sleep disturbances and daytime dysfunction in athletes and provide interventions based on the type and
severity of the problem reported.”” This tool assesses both sleep and circadian factors of sleep quantity, sleep quality,
insomnia, and chronotype with a timeframe of “over the recent past”.?’ Research has shown that this tool accurately
determines which participating athletes may find benefit in undertaking preventative measures and identify those who
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may experience clinically significant sleep problems that may require further assessment.>® Sleep Difficulty Score (SDS)
is calculated from the scores of questions 1, 3, 4, 5, and 6 and is used to classify if athletes’ level of clinical sleep
problems (0—4 = none; 5—7 =mild; 8—10 = moderate; or 11-17 severe), and a higher score indicates poorer sleep quality.

Brief Pittsburgh Sleep Quality Index (B-PSQI)

The Brief Pittsburgh Sleep Quality Index (B-PSQI) is a shorter version of the original Pittsburgh Sleep Quality Index
(PSQI),”" therefore improving the efficiency and applicability of its use.** The B-PSQI contains six items with questions on
bedtime, wake time, sleep latency, sleep duration, wake after sleep onset, and sleep quality over the past month. The B-PSQI
scores range from 0 to 15 whereby higher scores (>5) are indicative of poorer sleep quality.>? Previous research has reported
that the B-PSQI is a valid and reliable screening tool for measuring sleep quality.** All questionnaires were administered at the
end of the data collection period via a URL link on their mobile devices. Questionnaire data were collected and managed using
REDCap (Research Electronic Data Capture, Vanderbilt, USA) electronic data capture tools hosted at La Trobe University.

Sleep Regularity Index (SRI)

The Sleep Regularity Index (SRI) evaluates variations in sleep and wake cycles on a night-to-night basis by taking into
account changes in sleep onset and wake times.” It estimates the probability that an individual’s sleep-wake pattern
aligns from one day to the next, and this assessment is aggregated over the study duration to generate a comprehensive
SRI score. A score of 100 on the SRI signifies an identical sleep-wake cycle between consecutive days, whereas a score
of 0 indicates no overlap in sleep-wake cycles from one day to the next.

Statistical Analysis

All statistical analyses were conducted using the Jamovi statistical package (Jamovi Version 0.8, Jamovi Project 2018).
Athletes’ SRI values were determined through binary sleep-wake data, with sleep onset and wake times derived from wrist
actigraphy and converted into UNIX time, coding each time as “1” for sleep or “0” for wake. The R (RStudio) statistical
software (version 2023.12.1; R Foundation for Statistical Computing, Vienna, Austria) and the sleepreg package®® were
employed for SRI calculations. Before analysis, data were checked for outliers by visual inspection of a box plot and
quantile—quantile plot. mEDI data were aggregated for each timeframe to allow for correlation analysis. A total of 407
datapoints were aggregated on the objective sleep measures and light data (163 for morning, 139 for daytime and 105 for
evening). This included average mEDI per timeframe per day individual to each participant. Repeated measures correlation
was conducted to investigate light exposure from the three different timeframes (morning, day, and evening) on each
athlete’s objective sleep parameters measured every day over 14 days following the procedures outlined by Bakdash &
Marusich.** A Pearson’s correlation was conducted on average mEDI from each timeframe against athletes’ SRI scores,
scores from questionnaires (collected at the end of data collection), and well-being measures (motivation, coping, and self-
perceived sleep quality) collected 3 times a week over the 2-week data collection period. The scores from the well-being
measures were then aggregated to get one value over the whole data collection period, so therefore these measures did not fit
the repeated measures model. The strength of the correlation between light exposure and other measures was assessed using
the following thresholds: <0.1, trivial; 0.1-0.3, small; 0.3-0.5, moderate; 0.5-0.7, large; 0.7-0.9, very large; and 0.9-1.0,
almost perfect.> Statistical significance was set at p < 0.05.

Results

Descriptive statistics for sleep characteristics and light exposure levels and results of the questionnaires are shown in
Table 1. The mean, standard deviations and interquartile range of light exposure in the three specified timeframes
throughout the data collection period are shown in Table 2.

The sleep questionnaire outcomes (Table 1) show an average ASBQ score of 39 which aligns with typical sleep
behaviour profiles among the athletes in this study.”® Further, a mean global score of 4 in the B-PSQI signifies an absence
of sleep-related issues as the mean score falls below 5.*% Lastly, a mean SDS score of 5 in the ASSQ denotes the presence
of “mild” sleep problems within the current study cohort.>
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Table | Mean and Standard Deviation of Sleep
Indices; Sleep Time (ST), Wake Time (WT), Total

Sleep Time (TST),

Sleep Latency (SL, Sleep

Efficiency (SE), Sleep Regularity Index (SRI) and
Questionnaire Scores (ASBQ, B-PSQI, ASSQ, and
Sleep Quality) for All Participants (n = 17) Across
the Data Collection Period

Variables Mean * SD
Sleep Time (time of day) 22:35 + 0:55
Wake Time (time of day) 6:57 = 0:16
Total Sleep Time (h:mm) 7:12 + 0:49
Sleep Latency (min) 7+6
Sleep Efficiency (%) 87 3
Sleep Regularity Index (/100) 79+7
Global ASBQ Score (AU) 39+4
Global B-PSQI Score (AU) 4+3
ASSQ Score (SDS) 52
Self-perceived Sleep Quality (/10) 8+ |

Table 2 Melanopic Equivalent Daylight Illuminance
(mEDI) Scores Across Three Different Time Periods:
Morning (Wake Time + 2 Hours), Daytime (End of
Morning to 6 pm) and Evening (2 Hours Pre-Bedtime)

Time Period mEDI (lux) Interquartile Range
(Mean £ SD) (mEDI in lux)
Morning 161 + 154 61-207
Daytime 1099 + 795 538-1419
Evening 76 £ 75 6-132

Table 3 Repeated Measures Correlation Results of Sleep Measures:
Total Sleep Time (TST), Sleep Latency (SL) and Sleep Efficiency (SE)
During Morning Light Exposure (Wake Time + 2 Hours), Daytime
Light Exposure (End of Morning to 6pm), and Evening Light Exposure
(2 Hours Pre-Bedtime) Timeframes

Light Exposure (mEDI)

Morning Daytime Evening
Total Sleep Time (TST) rem= 0.26%% rem =—0.16 | r., =—0.03
Sleep Latency (SL) rem = —0.004 rem= 0.10 rem = —0.11
Sleep Efficiency (SE) rem = —0.10 rem = 0.03 rrm = 0.15

Note: **Represents statistical significance (p <0.001).
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Table 4 Pearson’s Correlation Results of Sleep Measures Including Sleep Regularity
Index (SRI) and Questionnaire Measures Including Athlete Sleep Behaviour
Questionnaire (ASBQ), Brief Pittsburgh Sleep Quality Index (B-PSQI), Athlete Sleep
Screening Questionnaire (ASSQ), Sleep Quality and Motivation During Morning Light
Exposure (Wake Time + 2 Hours), Daytime Light Exposure (End of Morning to 6pm),
and Evening Light Exposure (2 Hours Pre-Bedtime) Timeframes

Light Exposure (mEDI)

Morning | Daytime | Evening

Sleep Regularity Index (SRI) r=0.07 r=0.17 r=0.15

Athlete Sleep Behaviour Questionnaire (ASBQ) | r=-024 | r=-0.01 | r=027

Brief Pittsburgh Sleep Quality Index (B-PSQI) r=-023 | r=-022 | r=0.34

Athlete Sleep Screening Questionnaire (ASSQ) | r=—-041 | r=-0.07 | r=0.52%

Sleep Quality r=-020 | r=0.48*% | r=-0.09

Motivation r=-037 | r=0.22 r=-0.34

Note: *Represents statistical significance (p <0.05).

The correlation results between light exposure at different times of day and sleep and well-being metrics are reported
in Table 3 and Table 4 and illustrated on Figures 2 and 3. Repeated measures correlation found a significant, small
correlation between morning light exposure and total sleep time (» = 0.26, p = 0.001) (Table 3 and Figure 2). Pearson’s
correlation results found a significant, small correlation between daytime light exposure and sleep quality (r = 0.48, p =
0.05) (Table 4 and Figure 3) and lastly, a significant, strong correlation between evening light exposure and ASSQ scores
was found (r = 0.52, p = 0.04) (Table 4 and Figure 3).
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Figure 2 Statistically significant repeated measures correlation between total sleep time (in minutes) and morning (wake time + 2 hours) light exposure (mEDI in lux). Each
point represents a participant’s averaged morning light exposure following each individual night’s sleep. Individual lines represent the linear line of best fit for each
participant’s averaged data.
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Figure 3 Statistically significant Pearson’s correlation between measures including (a) daytime light exposure and sleep quality and (b) evening light exposure and Athlete
Sleep Screening Questionnaire (ASSQ) global scores. Solid black lines show the linear line of best-fit for each relationship.

Discussion

This study sought to investigate the relationship between light exposure throughout different times of the day on elite
athlete’s sleep and well-being metrics over two weeks. It was found that higher levels of morning light exposure were
positively correlated with longer total sleep time and daytime light exposure was positively correlated with higher
subjective sleep quality. Further, higher evening light exposure levels in the two hours prior to bedtime were correlated
with higher ASSQ scores, indicating poorer sleep behaviours. However, no significant relationships were found between
light exposure levels and any other measures including sleep latency, sleep efficiency, SRI, ASBQ, B-PSQI, coping and
motivational levels during the data collection period.

Previous studies have shown that one week of bright-light administration in the morning has advantageous effects on
sleep measures.>® When comparing one-week of bright light exposure (~2500 lux for 60 minutes) and dim-light exposure
(~100 lux) during the morning (1-1.5 h before their baseline weekday waking time) in insomnia patients, those under
bright light showed a significant 51-minute increase in total sleep time during 3 weeks post-intervention.>® Although the
current study measured habitual light exposure in athletes (without any lighting intervention), repeated measures results
also showed a significant positive correlation between morning light exposure and total sleep time. A previous study
where participants from the general population measured daily light exposure using a wrist-worn light logger
(SpectraWear, Manchester, UK) which utilises mEDI (in lux) as the measurement of light found that brighter light
exposure after waking was linked to reduced sleep inertia.’” The importance of obtaining high levels of light in the
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morning has been previously emphasised by Yin et al*® to help maintain internal clock and, in turn, improve sleep
quality. Additionally, increased light exposure has been stated to be of benefit due to morning light having a phase-
advancing effect on the human circadian system'* and it has been established that carefully timed exposure to bright light
in the morning (and also restriction of short-wavelength light in the evening) shortens subjective sleep latency in
recreational athletes.* However, our study did not show any significant correlations between objective sleep latency
and light exposure, possibly due to sleep latency being considerably low for the whole cohort (~7 minutes).

Pearson’s correlation results of this study show that athlete’s light exposure during the daytime was higher than that
obtained in the morning hours and was positively correlated with subjective sleep quality. This finding is in agreement
with previous studies that found that greater daytime light exposure predicts better sleep quality in healthy participants.*’
The cohort in this study spent a considerable amount of time training outdoors (~2.5 hours on average each day), which
may be higher than the general population®’ and those of a similar age, who have been reported to only spending 9% of
their waking day in light levels above 1000 lux.*® Increased exposure to melanopic light throughout the day has
advantageous effects on alertness, performance and sleep,*' and interestingly, there is limited evidence of high daytime
light exposure having any negative effects on circadian physiology.*' However, lack of exposure to natural light is
associated with poor quality of sleep.*” Further, previous studies have found that increasing daytime light exposure
results in more consistent sleep timing and circadian phase®® and insufficient daytime light exposure can delay the
circadian system and suppress melatonin levels and subjective sleepiness in the evening and at night.*

Evening light exposure levels in the current study are above the recommendations suggested by Brown et al,*!
whereby the recommended maximum mEDI is 10 lux measured at the eye at least three hours before bedtime. In our
study, on average, athletes obtained ~75 lux in the evening which is over the suggested recommendations by Brown and
colleagues*'. However, this is consistent with previous literature whereby participants from the general population also
reported many instances of readings >10 lux in the lead up to bedtime,?” which was also associated with increased sleep
onset latency. Pearson’s correlation results found that higher light exposure in the evening was associated with higher
ASSQ scores, thus, indicating increased instances of sleep disturbance and daytime dysfunction. However, while there
were no other significant relationships between nighttime light exposure and objective or subjective sleep metrics, it is
important to note that there is evidence that the effects of brighter evening light can be mitigated by brighter light
exposure obtained earlier in the day.*'

Even though questionnaire results showed no significant relationships with morning or daytime light exposure,
athletes exhibited an average global score of ~5 in the ASSQ, which indicates a “mild” SDS score.*® The ASSQ global
score was significantly correlated with higher levels of evening light exposure. Compared to previous studies, the ASSQ
scores exhibited in this study are relatively similar to other team-sport athletes such as soccer players pre-competition
(SDS score = 4.8).** Further to this, while there was no significant relationship between SRI results and light exposure,
the average SRI score in our cohort was ~79, which indicates that athletes sleep patterns are relatively regular,®® though
slightly lower than the SRI scores of ~85 previously reported in team-sport athletes.*> Irregular sleep patterns are
associated with delayed circadian rhythms® and those with regular sleep patterns have reported to have greater sleep
efficiency and less variability in total sleep time.*

There are several limitations associated with the current study. Firstly, the sample size was relatively small due to
difficulty in recruiting elite athletes, which in turn may have affected the study findings. The participants in this study
were from a homogenous, elite Australian Rules football team, playing at the top level of competition for their sport. In
order to increase the sample size, multiple teams would have been required, which would introduce further limitations
such as different training schedules and locations. We considered expanding the study in a lower level of semi- or non-
professional athletes but decided this would not be as representative of the sleep and light exposure patterns of elite
athletes. Additionally, participants in this study were instructed to wear the light sensor on their clothes and were subject
to error if sensors were left on removed clothes or covered by additional clothing. Further to this, participants were
instructed to wear the light sensor on the collar of their clothes, as close to the eyes as possible. However, light exposure
levels recorded in this study may not reflect the actual light exposure at the level of the cornea. It is also important to note
that inter-individual differences may be present in how an individual may perceive light and how susceptible to the
effects they are to the light they are exposed to.*® Lastly, given the difficulties in getting athletes to adhere to wearing the
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light sensors 24/7 over longer periods of time, and the required large amounts of data analysis, subjective questionnaires
and surveys detailing light exposure habits might be a worthwhile consideration. Questionnaires such as the Light
Exposure Behaviour Assessment (LEBA)*” may provide a viable alternative to objective light monitoring. However, the
LEBA is yet to be validated against objective measures such as wearable light sensors.

In this study, we found that higher morning and daytime light was associated with positive objective and subjective
sleep parameters, and higher evening light in the lead-up to bedtime may be detrimental to sleep quality in athletes. Thus,
it is suggested that athletes obtain sufficient morning and daytime light levels and decrease their light exposure levels in
the lead-up to bedtime in order to maximise athlete’s sleep, and potentially their subsequent recovery and performance.
The results of the current study support the need for education on optimising light exposure throughout the day to
improve circadian function, sleep and health and also the implementation of interventions to optimise light exposure
throughout the day and minimise light exposure at night. Furthermore, the athletes in the current study likely exhibited
high levels of light exposure throughout the waking day due to predominantly training outdoors (~2.5 hours per day).
Therefore, further investigation of the light exposure habits of indoor-based athletes and the magnitude of the subsequent
effects it may have on sleep parameters should be considered in future research.
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