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Purpose: Little is known about sleep after a concussion, a form of mild traumatic brain injury. Given the importance of sleep for both
maintaining brain health and recovery from injury, we sought to examine sleep acutely and subacutely after concussion.

Methods: Athletes who experienced a sports-related concussion were invited to participate. Participants underwent overnight sleep
studies within 7 days of the concussion (acute phase), and again eight-weeks after the concussion (subacute phase). Changes in sleep
from both the acute and subacute phases were compared to population normative values. Additionally, changes in sleep from acute to
subacute phase were analysed.

Results: When compared to normative data, the acute and subacute phases of concussion showed longer total sleep time (p < 0.005)
and fewer arousals (p < 0.005). The acute phase showed longer rapid eye movement sleep latency (p = 0.014). The subacute phase
showed greater total sleep spent in Stage N3% (p = 0.046), increased sleep efficiency (p < 0.001), shorter sleep onset latency (p =
0.013), and reduced wake after sleep onset (p = 0.013). Compared to the acute phase, the subacute phase experienced improved sleep
efficiency (p = 0.003), reduced wake after sleep onset (p = 0.02), and reduced latencies for both stage N3 sleep (p = 0.014) and rapid
eye movement sleep (p = 0.0006).

Conclusion: This study indicated sleep during both the acute and subacute phases of SRC was characterised by longer and less
disrupted sleep, along with improvements in sleep from the acute to subacute phases of SRC.
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Plain Language Summary

Sleep plays an important role in recovery from trauma to the brain. Whilst it is well established that sleep is severely affected after
major brain injuries, little is known about how concussions, a form of mild traumatic brain injury, affects sleep. We examined changes
in sleep from straight after concussion to 8 weeks later and also compared them with population normative values. Sleep was measured
using gold standard electroencephalography (EEG), which measures brain waves. This allowed for an accurate measure of sleep
duration, quality, and the stages of sleep. The results indicate that the participants in this study, all of whom experienced a concussion,
slept better compared to the population normative values. Furthermore, sleep appeared to further improve 8 weeks after concussion
when compared to sleep immediately after concussion. This included more sleep, better sleep quality, and even more deep sleep, which
is pivotal for repairing the brain. We speculate that the improvement in sleep was an attempt by the brain to heal itself. More research
is needed in a larger population to confirm this speculation.

Introduction
A concussion is a form of mild traumatic brain injury caused by biomechanical trauma to the head, such as a direct
impact, or a sudden acceleration, deceleration, and/or rotation of the head, irrespective of whether a person lost
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consciousness.' Biomechanical trauma causes damage to neuronal axons, which in turn results in errant brain activation
patterns.

There has been growing concern surrounding the long-term health risks of concussions. Acutely, concussions often
result in neurological, psychological, and cognitive deficits.” Long-term epidemiological evidence indicates a link
between repeated concussions and chronic traumatic encephalopathy (CTE), a neurodegenerative condition caused by
the accumulation of amyloid-p and t-proteins plaques.’

Healthy sleep plays an important role in maintaining neural health. The glymphatic process that occurs during Stage
N3 sleep (also known as slow wave, or deep, sleep) clears the brain of amyloid-B and t-proteins plaques.* Even a single
night of sleep disruption reduces the effectiveness of the glymphatic process.” When coupled with preliminary evidence
that poor sleep during the months preceding a concussion is associated with poorer cognition and emotional problems, it
is important that the effect of concussion on sleep is carefully examined.

Yet research examining the effect of concussion on sleep is relatively limited. A review highlighted the majority of
studies examining the effect of concussion on sleep through subjective measures.® Two studies utilising actigraphy failed
to show any differences between those with concussion, and those without concussion.”® Additionally, Raikes et al did
not show any differences in actigraphy measured sleep from the acute post-concussion phase, which was measured
within 4 days of the injury, to the subacute phase of the injury.” Whilst actigraphy is useful for longitudinal measure-
ments of sleep, it is limited in only being able to measure total sleep time, sleep efficiency, and sleep onset latency. Few
studies have measured sleep after concussion by electroencephalography (EEG), which is the gold standard measurement
of sleep. Gosselin et al show no differences in EEG measured sleep in 10 people who had experienced a sports-related
concussion (SRC) within the previous 12 months compared to 10 people who had not experienced an SRC.? Sleep was
measured between 1 and 11 months post-concussion. Therefore, any acute affects of concussion on sleep could not be
determined. Rao et al also showed no changes in EEG-measured sleep between a group of seven people who had
experienced concussion and seven people who had not experienced a concussion (although there was a trend towards
reduced duration of Stage N2 sleep).'® Whilst sleep was measured within a week of injury, there were no follow-up
measures of sleep to examine for changes throughout recovery from concussion. Mantua et al showed prolonged rapid
eye movement (REM) latency and reduced REM sleep as a proportion of overall sleep, in 14 people who had
experienced an SRC when compared to age and gender matched control group,'' however, sleep was measured several
years after the concussion.

Therefore, this study sought to objectively examine sleep by EEG during both the acute (within 7 days) and subacute
(8 weeks after injury) phases after an SRC. These were compared to published age and gender-matched normative data.'?
Given the preliminary evidence suggesting sleep is impaired after a concussion, coupled with studies showing impaired
sleep after moderate-to-severe traumatic brain injuries,'> we hypothesized that sleep during both the acute and subacute
phases after an SRC would be impaired compared to normative data. We also sought to examine for any changes in sleep
from the acute to subacute phase of SRC. As no study has undertaken longitudinal measures of sleep after a concussion,
no directional hypothesis was formulated.

Materials and Methods

Participants

People with SRC were invited to participate. Participants were referred from a specialized sports and exercise medicine
clinic. Exclusions to participation included known, uncontrolled sleep problems, known neurological issues, or uncon-
trolled psychological problems. Participants were reimbursed $250 for participating. In compliance with the Declaration
of Helsinki, this study received approval from the Flinders University Human Research Ethics Committee (protocol
8569), with informed, signed consent obtained prior to study commencement.

Measurements
Overnight sleep was measured by a single-channel EEG (F3-M2), with oculomotor and chin muscle movement to help with
sleep staging (Embletta X100, Natus Medical, Ca., USA). Single-channel EEG is commonly used for in-home studies.'*
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Overnight studies occurred in the participants' own beds. EEG equipment was set up by research staff, with the equipment
programmed to start upon a successful setup. Scoring was conducted by a single sleep technologist and measures included
total sleep time, sleep onset latency, REM onset latency, percent of sleep in Stages N1, N2, N3, and REM, sleep efficiency,
and arousal index. Post-concussion symptomology was measured using the Sports Concussion Assessment Tool version 5
(SCAT-5)."* The SCAT-5 is the most commonly used concussion assessment tool and has a high test—retest reliability (overall
score Spearman’s p = 0.85, severity score Spearman’s p = 0.84, see Hannien et al for further psychometric properties'®). The
SCAT-5 symptoms was completed by the participant in the presence of research staff, immediately prior to the EEG setup.

Protocol

Participants underwent two nights of testing. The first night occurred within 7 days of the SRC, whilst the second night
occurred eight-weeks later. For both testing nights, participants underwent the SCAT-5, and were then set up for the
overnight EEG-sleep study in their homes. Recording commenced during the setup visit, with participants recording
when they went to bed, and when they attempted to fall asleep.

Data Analysis

Age and gender matched normative data were generated using a published, online calculator (https://omc.ohri.ca/psgnorms/)

based on a meta-analysis of population normative values of 5273 healthy adults (no known acute or chronic health problems at
the time of the recording) from 169 studies.'* The age and gender matched results are presented in Supplementary S1. The use of
normative data meant no adjusted analyses occurred.

Data was analysed in SPSS (v28, IBM, NY, USA). Symptomology data from the SCAT-5 was reported as
percentages. As it was hypothesized that sleep would be impaired during both the acute and subacute phases after an
SRC when compared to normative data, a one-sided, independent-sample ¢-test was used (with homogeneity tests and
appropriate p-value reporting). As no directional hypothesis could be formulated to examine changes in EEG measured
sleep from acute (within 7-days) and subacute (8-weeks post injury), a two-sided, paired-sample #-test was used.
Significance for all analyses was set at p = 0.05, with effect sizes (Cohen’s D [d]) reported.

Results

Participants

Out of 17 participants who initially expressed interest, 10 participants consented to participate. Six were unable to
partake due to COVID-related restrictions, whilst another chose not to partake. Descriptive statistics of those who
participated (age, body mass index, and concussion history) are presented in Table 1.

Concussion Symptomology

During the acute post-SRC phase, participants reported a median of 11 symptoms (range 3—19), with a median score of
21 (range 3-45). During the subacute post-SRC phase, participants reported a median of four symptoms (range 0-13),
with a median overall symptom score of 5 (range 0-23).

Overnight Sleep Metrics

Sleep data for both the acute and subacute phases of SRC, as well as the normative data, are presented in Table 2. No
EEG data was lost for any participant; however, one participant lost electrocardiograph (ECG) measures, whilst another
lost pulse oximetry, both on subacute nights.

When comparing the acute sleep metrics to the normative data, the t-tests indicated that those with SRC experienced
significantly longer total sleep time (tg 4 = 3.2, p = 0.005, d = 1.42), significantly fewer arousals (t;s = 4.8, p <0.001, d =
2.07), and significantly longer REM latency (to; = 2.6, p = 0.014, d = 1.17). Further, there was a trend towards
significantly increased percent of the total sleep spent in Stage N3 sleep (tg 94 = 1.7, p = 0.059, d = 0.77). No other
significant differences were shown.
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Table I Demographic Data and Concussion History

Age (years) 24 (20-52)
BMI (kg.m-2) 23.7 (£ 2.3)
Previous concussions 7/10
Hospitalised for head injury 1710
Diagnosed migraine disorder 4/10
Learning disorder 3/10
Diagnosed ADD/ADHD 0/10
Diagnosed depression/anxiety 2/10
Medication 3/10

Notes: Age presented as median and range. Body mass index pre-
sented as mean and standard deviation. Medication included: Ix
tranexamic acid, Ix anxiolytics, and Ix thyroxine. All participants
who reported a learning disorder experienced dyslexia.
Abbreviations: BMI, body mass index; ADD, attention deficit dis-
order; ADHD, attention deficit hyperactive disorder.

Table 2 Sleep Measures During Acute (Within 7 Days) and Subacute (Within 8 Weeks) Phases,
as Well as Normative Values

Acute

Subacute

Normative Values

Total sleep time (mins)

465.8 (396.0-534.7)"

479.2 (427.0-560.5)"

388.4 (379.9-396.7)

Sleep onset latency (mins)

13.8 (5.8-20.5)

10.3 (7.3-12.6)*

14.1 (13.7-14.3)

Stage NI%

6.0 (4.9-7.4)

47 (3.1-63)"

6.6 (6.4-6.6)

Stage N2%

51.8 (46.5-57.5)

50.6 (45.9-54.9)

52.3 (52.1-52.7)

Stage N3%

25.2 (20.3-27.8)

25.1 (20.3-29.0)¥

21.1 (20.8-21.3)

Stage REM%

17.1 (13.9-21.0)

19.2 (12.6-22.2)°

18.7 (17.8-19.3)

Sleep efficiency (%)

88.9 (86.4-90.7)

932 (92.1-94.8)8 ™

87.5 (87.3-88.5)

WASO (mins) 45.6 (21.2-63.3) 25.1 (17.1-33.9)* ¥ 38.1 (31.2-44.0)
Arousal index (/h) 7.3 (5.7-8.7)" 7.6 (5.0-10.0)" 11.0 (10.2—11.3)
Stage N3 onset latency (mins) 86.8 (45.7-125.3) 43.7 (24.6-61.1)* NA

REM onset latency (mins)

170.0 (93.3-240.5)*

89.2 (66.8-105.9)*

98.9 (96.2-105.1)

Notes: All values presented as means and interquartile ranges. ¥Indicates significantly different from normative values
(p<0.05). "Indicates significantly difference from normative values (p<0.01). *Indicates significantly different from acute
(p<0.05). SIndicates significantly difference from acute (p<0.01).

Abbreviations: REM, rapid eye movement; WASO, wake after sleep onset; ODI, oxygen desaturation index.

When comparing the subacute sleep metrics to the normative data, the t-tests indicated those with SRC experienced
significantly longer total sleep time (tg5 = 3.9, p = 0.002, d = 1.76), reduced percent of the total sleep time spend in Stage
NI sleep (ty.4 =2.9, p=0.009, d = 1.28), increased percent of the total sleep spent in Stage N3 sleep (ty.; = 1.9, p = 0.046,
d = 0.84), increased sleep efficiency (t;3 = 5.6, p < 0.001, d = 2.43), fewer arousals (t;; 4 = 3.1, p = 0.005, d = 1.35),
shorter sleep onset latency (tg3 = 2.7, p = 0.013, d = 1.19), and reduced wake after sleep onset (t;g3 = 2.5, p=0.013,d =
1.08). No other significant differences were shown.
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When examining changes in sleep from acute to subacute SRC, the #-tests showed that compared to the acute phase of
SRC, the subacute phase of SRC experienced significantly improved sleep efficiency (to = 4.1, p = 0.003, d = 1.3),
reduced wake after sleep onset (to = 2.8, p = 0.02, d = 0.89), and reduced latencies for both stage N3 sleep (to = 3.1, p =
0.014, d = 0.97) and stage REM sleep (ty = 3.5, p = 0.006, 1.12). No other significant differences were shown.

Discussion

This is the first study to examine overnight EEG during the acute (within 7 days) and subacute (8 weeks) phases after SRC.
Sleep during both the acute and subacute phases of SRC was characterized by longer and less disrupted sleep when compared
to population normative values.'? These results were not in accordance with our hypothesis that sleep would be impaired
compared to normative data values. There was also an improvement in sleep, from the acute to subacute phase of SRC.

Methodologically, our study aligned closely with Roa et al’s study measuring sleep acutely within a week after
concussion, but showed conflicting results.'” Rao et al showed no difference in any sleep metric between those with
concussion and controls who did not have concussion. Our study showed that during the acute-post concussion phase,
there was significantly longer TST, reduced arousal index (which Roa et al did not report), and longer REM onset latency
during the acute phase, but did not show any significant changes in sleep stage composition. A major difference between
the studies was the control group comparison. Our study compared sleep after concussion to published normative data,
whilst Rao et al compared sleep in those with concussion to a gender and age matched group (although data for the
control group was measured for a different experiment). Therefore, the differences in results could be due to the
difference in control data. Interestingly, however, only one participant of Rao et al’s study sustained a concussion
from sport, whilst four sustained concussions from assault, one was involved in a motor vehicle accident, and another had
“a wooden board fall on his head”. Therefore, it is possible that the different mechanism of injury could also explain the
differences in results. Rao et al did not measure undertaking further sleep measurements beyond a week after concussion,
meaning comparison to the subacute phase of this study is impossible.'”

The differences in timing from concussion to sleep measurements may explain contrasting results with other studies
that measured sleep by EEG after concussion. Gosselin et al showed no differences in sleep between those with
concussion and those who did not have concussion.” Importantly, sleep was measured between 1 and 11 months after
concussion. In contrast, Mantua et al showed those who had experienced concussion several years prior (not necessarily
sports related) experienced prolonged REM latency, with reduced overall REM sleep, compared to those without
concussion.'! Our study also showed significantly prolonged REM latency during the acute post-SRC phase compared
to both normative data and the subacute post-SRC phase. By the subacute phase, however, there was no longer prolonged
REM latency compared to the normative data. Given sleep was measured several years after concussion (which was also
not sport related), it is possible that factors other than concussion can be attributed to changes in sleep.''

This is the first study that has utilised EEG to show improvements in sleep from the acute to subacute phases of concussion.
A previous study utilising actigraphy showed no changes in total sleep time, sleep efficiency, and wake after sleep onset from the
acute (4 days post-concussion) to the subacute (4 weeks post-concussion) phases, nor any differences in sleep metrics were
shown between the 7 participants with concussion, and the 10 participants who did not have concussion.” Given the differences in
measurement of sleep, however, comparison of the results between the studies is difficult.

We speculate that longer and less disrupted sleep during both phases of SRC, when compared to normative values,
and improvements in sleep from acute to subacute phases of SRC, is an attempt by the brain to minimise and repair the
damage resulting from SRC. The significantly increased proportion of Stage N3 sleep during the subacute phase is
potentially important. There is growing evidence that concussions may cause an accumulation of amyloid-p and t-
proteins, with multiple concussions seemingly resulting in greater accumulation.'” The glymphatic process, which occurs
during Stage N3 sleep, removes these plaques.* A rat study showed both pharmacological and behavioural interventions,
which increased Stage N3 sleep improved axonal recovery from TBI.'® Similarly, increases in sleep efficiency and TST
are associated with improved neurological outcomes in traumatic and acquired brain injury, such as stroke.'® Therefore,
we speculate that increased TST and reduced arousal index during both phases of SRC and the improved sleep efficiency
during the subacute phase, are recovery mechanisms utilised by the brain to rehabilitate itself. Theses should be further
explored in future research.
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What is unclear is why there was an extended onset of REM sleep and Stage N3 sleep during the acute phase,
significantly so for REM sleep when compared to normative values (normative data on Stage N3 latency was not
calculated). It is possible that the neurochemical cascade that occurs after a concussion such as the influx of calcium into
neuronal axons, interferes with sleep-stage initiation.”” This too should be explored in future research.

The participants in our study were physically active, with all concussions were sustained whilst playing sport. Moderate
physical activity is enough to improve sleep quality and reduce the burden of sleep disorders.”' The normative data, from
which the results of this study were compared, does not mention physical activity levels. Therefore, we cannot discount the
effect of participation in physical activity on potentially contributing to the improved sleep shown after SRC in this study.

Other intrinsic factors, presented in Table 1, are unlikely to explain the results. Only two participants reported
suffering from depression or anxiety, which potentially causes sleep problems.”> One participant was treated with
anxiolytics, which may suppress REM sleep, and increase Stage N2 sleep.* It is not known whether other medications,
being tranexamic acid, and thyroxine, affect sleep. Three participants reported learning difficulties, all being dyslexia,
which causes difficulty initiating and maintaining sleep. Yet, as the results indicated longer and less disrupted sleep when
compared to population normative values and an improvement in sleep from acute to subacute post-concussion phases, it
is unlikely that the intrinsic factors contributed to the sleep results shown. We also acknowledge that there is night-to-
night variability of EEG measured sleep.** Future studies should record sleep over multiple nights to minimize the
potential effect of night-to-night variability.

Indeed, the exploratory and pilot nature of this study meant there were limitations; however, these can be used to
guide future research. We recruited no control group but rather utilised published normative values from an online
calculator. Ideally, future studies should examine sleep prior to an SRC occurring. Participants who consented to partake
appeared to only have mild SRC, given the low symptomology scores recorded on SCAT. Therefore, it is unclear whether
similar results would be seen in those with more severe SRCs. A recent scoping review highlighted that roughly a third of
patients who experience SRCs report worse sleep; however, no association with concussion severity was drawn.® We
speculate that severe SRCs may result in poorer objectively measured sleep. Finally, the number of participants was low.
The COVID pandemic meant many sports were not played during the data collection period, thereby reducing the
potential participants available, whilst adherence to COVID guidelines, including close contact isolation and social
distancing, precluded the conduct of sleep studies in six potential participants. Future studies should endeavour to include
other neurophysiological, and neurocognitive measures, to examine whether changes in sleep during recovery from an
SRC result in changes to other aspects of SRC consequences.

Conclusion

This is the first study to objectively examine sleep at set times after concussion. The novel findings of improved sleep
a during both the acute and subacute post-concussion phases are a mechanism by the brain to improve recovery from
SRC. Further research should seek to replicate these findings in a larger population, with a range of symptom severity,
which would ultimately guide future research examining whether sleep interventions can be used to improve recovery
from SRC.
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