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Abstract

Study Objectives: Traumatic brain injuries (TBIs) cause persistent cerebral damage and cognitive deficits. Because sleep may be a critical factor for brain recovery,
we characterized the sleep of patients with TBI from early hospitalization to years post-injury and explored the hypothesis that better sleep during hospitalization
predicts more favorable long-term cognitive outcomes.

Methods: We tested patients with moderate-to-severe TBI in the hospitalized (n = 11) and chronic (n = 43) stages using full-night polysomnography, with 82% of the
hospitalized group being retested years post-injury. Hospitalized patients with severe orthopedic and/or spinal cord injury (n = 14) and healthy participants (n = 36) were
tested as controls for the hospitalized and chronic TBI groups, respectively. Groups had similar age and sex and were compared for sleep characteristics, including slow
waves and spindles. For patients with TBI, associations between sleep during hospitalization and long-term memory and executive function were assessed.

Results: Hospitalized patients with TBI or orthopedic injuries had lower sleep efficiency, higher wake after sleep onset, and lower spindle density than the chronic
TBI and healthy control groups, but only hospitalized patients with brain injury had an increased proportion of slow-wave sleep. During hospitalization for TBI, less
fragmented sleep, more slow-wave sleep, and higher spindle density were associated to more favorable cognitive outcomes years post-injury, while injury severity
markers were not associated with these outcomes.

Conclusion: These findings highlight the importance of sleep following TBI, as it could be a strong predictor of neurological recovery, either as a promoter or an early

marker of cognitive outcomes.

Statement of Significance

Sleep is a modifiable factor that could affect recovery following traumatic brain injury, a neurological disorder causing very persistent
sequelae. However, how sleep is disrupted during the hospitalization phase of a traumatic brain injury and how it could predict long-term
cognitive outcomes remains unclear. In this novel longitudinal study, we have found highly fragmented sleep and elevated slow-wave sleep
in patients hospitalized with traumatic brain injury, which was associated with cognitive outcomes years post-injury. These findings re-
inforce sleep as a potential predictor of neurological recovery, either as a promoter or an early marker of cognitive outcomes, which should
be investigated in future intervention studies.
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Introduction

Moderate-to-severe traumatic brain injury (TBI) is the main
cause of disability in young adults worldwide [1, 2], and most pa-
tients develop persistent cognitive deficits that will restrict their
quality of life and return to work or school [3-6]. Considering
that, substantial efforts are being made in the acute stage of in-
jury to improve long-term cognitive and functional outcomes.
Using actigraphy, previous studies have found that sleep is dis-
rupted following TBI in regular care or inpatient rehabilitation
units, characterized by high fragmentation, low sleep efficiency,
and partial loss of regular activity-rest cycles [7-12]. Some re-
cent studies in moderate-to-severe TBI patients have also shown
that more consolidated sleep-wake cycles were associated with
better short-term functional outcomes such as recovery of con-
sciousness, post-traumatic amnesia resolution, and motor abil-
ities [7, 10, 12]. These findings brought a new interest for studying
sleep during this period when the majority of TBI recovery oc-
curs, and when sleep may be a critical factor in how the brain
mends and therefore, have a significant impact on long-term
cognitive outcomes. Indeed, sleep is essential to brain health,
being notably involved in neuroplasticity [13, 14], neurogenesis
[15, 16], global cognitive functioning [17, 18], and the glymphatic
clearance of neurotoxic waste [19-21]. In a preliminary study, we
demonstrated the feasibility of using polysomnography, the gold
standard of objective measurements, to measure sleep at bed-
side in hospitalized TBI patients [22]. This opens the possibility
of directly measuring sleep architecture in the earliest phases
of TBI recovery.

Here, using polysomnography in a prospective longitudinal
design, we aim to detail the sleep of moderate-to-severe TBI pa-
tients from early hospitalization to years after the injury and to
explore the hypothesis that better sleep during hospitalization
is associated with more favorable long-term cognitive outcomes.

Methods
Participants

Acute TBI patients. Eleven patients with acute moderate-to-
severe TBI (28.9 + 13.4 years old; 55% male) were recruited
during hospitalization at Hopital du Sacré-Coeur de Montréal,
a tertiary trauma center of the Centre intégré universitaire de
santé et de services sociaux du Nord de I'Tle-de-Montréal, between
2010 and 2015. The extensive recruitment protocol for this pa-
tient group, including details of recruitment rate, was previously
described [7, 22]. All patients were between 18 and 60 years of
age and required hospitalization in the intensive care unit (ICU)
for their injury. Diagnosis of moderate-to-severe TBI, defined as
an alteration in brain function, or other evidence of brain path-
ology caused by an external force [23], was confirmed by a prac-
ticing TBI neurosurgeon according to standard criteria [24, 25]:
Glasgow Coma Scale (GCS) score between 3 and 12 at hospital
admission, post-traumatic amnesia longer than 24 h, and loss of
consciousness longer than 30 min. In addition, all patients had
abnormal cerebral scans. Exclusion criteria included prior TBI of
any severity, diagnosed sleep disorders, history of neurological,
psychiatric or substance abuse disorders, pregnancy, quadri-
plegia, body mass index (BMI) over 30 kg/m?, severe eye injuries
affecting the perception of light, and temporary skull bone flap
removal at the time of study. After a review of hospital charts
according to inclusion and exclusion criteria, patients’ families

were contacted (n = 65). Following early discharges, medical
complications, inability to tolerate research materials, inability
to speak English or French, refusals to participate, and other
reasons, 11 polysomnography recordings could be performed.

Acute orthopedic and spinal cord injury controls. Fourteen patients
with acute severe orthopedic and spinal cord injury (OSCI)
(39.9 = 17.1 years old; 79% male) were recruited to serve as
controls for the acute TBI group. They were comparable in terms
of sociodemographic characteristics and were hospitalized in a
similar environment. All of them sustained severe orthopedic or
spinal cord traumatic injuries requiring admission to the hos-
pital and interventions by a specialized team. The exclusion
criteria used for the acute TBI group were also applied for this
group. Two patients had mild TBI and one had suspected but un-
confirmed mild TBI in addition to their OSCI. Other patients had
no TBI.

Chronic TBI participants. Forty-three participants with chronic
moderate-to-severe TBI (31.9 + 13.5 years old; 67% male) were
recruited from patients previously admitted to Hopital du Sacré-
Coeur de Montréal between 2010 and 2016. Of those, nine were
part of the acute TBI group. The other two remaining acute TBI
patients could not be recruited for this phase. The extensive
recruitment protocol for this cohort was previously described
[26-28]. All participants were between 18 and 60 years of age and
had sustained a moderate-to-severe TBI in the past 1-4 years
(2.00 + 0.85 years, 1.36 + 0.42 years for the subset of patients pre-
viously tested in the acute stage) at the time of testing. Exclusion
criteria included history of another TBI of any severity, history
of diagnosed sleep disorders or use of sleep medication, his-
tory of neurological, psychiatric or substance abuse disorders,
pregnancy, quadriplegia, BMI over 30 kg/m?, jetlag due to recent
trans-meridian travel, and night-shift work leading to atypical
sleep schedules.

Healthy controls. Thirty-six healthy participants (30.5 + 12.7 years
old; 69% male) were recruited through local and newspaper ad-
vertisements as a control group for the chronic TBI group, with
similar age and sex distribution. The exclusion criteria used for
the chronic TBI group were also applied for this group.

Inclusion in previous studies. Seven acute TBI patients and six
acute OSCI controls were included in a previous preliminary
study by our group [22]. Forty-two chronic TBI participants and
36 healthy controls were included in a least one previous publi-
cation by our group [26-29].

Ethical approval. The study was approved by the Research Ethics
Board of the Centre intégré universitaire de santé et de services
sociaux du Nord de I'fle-de-Montréal (#2011-690). Written and in-
formed consent was obtained for each participant, in compli-
ance with the Declaration of Helsinki. For participants who were
transitorily inapt to consent in the acute stage, the written and
informed consent was obtained from the immediate family or
legal guardians.

Experimental protocol overview

A prospective longitudinal design and a double cross-sectional
case-control design were used concurrently (Figure 1). We



investigated TBI in both the acute and chronic stages, with most
of the acute group (82%) being tested again at follow-up in the
chronic stage. Acute OSCI and healthy control groups were used
as controls for the acute TBI and chronic TBI groups, respectively.

Acute TBI and OSCI patients’ sleep was recorded at bedside
with polysomnography in regular care units after ICU discharge.
All patients were extubated and free from continuous intra-
venous sedation and analgesia for at least 48 h, with normal
intracranial pressure and no active infections. Clinical data
related to the injury (e.g. mechanism of injury, GCS at hos-
pital admission, ICU and hospital lengths of stay, duration of
post-traumatic amnesia) were collected from their hospital
charts. All medication taken during testing and the day before
was documented.

Chronic TBI and healthy control participants underwent a
full-night of in-laboratory polysomnography and performed
a neuropsychological assessment the following morning.
Cognitive domains frequently affected by TBI and associated
with sleep were assessed with the following tests: (1) the Hopkins
Verbal Learning Test (HVLT) and the Brief Visuospatial Memory
Test (BVMT) immediate and delayed recalls to assess learning
and memory; (2) the Trail-Making Test (TMT) part B-minus-A,
the Tower of London total moves, total correct, and total time,
and the Stroop part 3-minus-1 and 4-minus-2 to assess execu-
tive functioning (inhibition, flexibility, planning). Clinical data
related to the injury were retrospectively collected from their
hospital charts, and participants were asked to stop medication
affecting sleep one week prior to testing, when possible.

Polysomnography

Acute recording at bedside. The polysomnography protocol we
used with the ambulatory Siesta system (Compumedics Ltd,
Charlotte, NC) for the acute TBI and OSCI patients was previ-
ously described [22]. Briefly, the recordings took place in the
regular neurologic or orthopedic units after ICU discharge.

Clinical data collection

Full-night polysomnography
at bedside
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A montage comprising EEG (F4, C3, C4, P4) with a mastoid (M1)
reference, chin electromyogram, and bilateral electrooculogram
was installed at bedside by two sleep technologists in the late
afternoon. EEG acquisition parameters included a 128 Hz sam-
pling rate, a 60 Hz notch filter, and a 35 Hz low-pass filter. No
schedule restrictions were placed on the patients for bedtime
and wake time; the sleep period started with the first period of
continuous nocturnal sleep (>10 minutes) after 20:00 and ended
with the first awakening longer than 15 minutes after 06:30 in
the morning. A trained research assistant stayed next to the
patient’s room and monitored the polysomnography signals
throughout the night to notify the on-call sleep technologist in
the hospital of any problems, such as the occasional need to re-
install one electrode.

In-laboratory recording. The sleep schedule of chronic TBI partici-
pants and healthy controls was determined according to their
usual schedule, with bedtime restricted between 22:00 and 23:30.
Their sleep schedule was assessed by continuous actigraphy
and daily sleep diaries the week prior to the polysomnography.
The in-laboratory polysomnography montage was comprised of
a full EEG array (FP1, FP2, Fz, F3, F4, F7, F8, Cz, C3, C4, Pz, P3,
P4, 01, 02, T3, T4, T5, T6) with mastoid calculated reference
[((electrode-M1)-(M2-M1))/2], electrocardiogram, chin and tibia
electromyogram, and bilateral electrooculogram. EEG acqui-
sition parameters included a 256 Hz sampling rate, a 0.3 Hz
high-pass filter, and a 100 Hz low-pass filter. Seven chronic TBI
participants were recorded with a supplementary 60 Hz notch
filter. Additional measurements included blood oxygen satur-
ation (finger pulse oximeter), airflow (pressure transducer), and
thoracic and abdominal belts.

Sleep scoring and analysis. Sleep stages and events were scored
using the standard criteria from the American Academy of Sleep
Medicine [30]. Both automatic and visual detection were used to
mark artifactual epochs to be excluded from all further analyses.
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Figure 1. Experimental protocol overview. A prospective longitudinal design and a double cross-sectional case-control design were used concurrently. We investi-
gated TBI in both the acute and chronic stages, with most of the acute group being tested again at follow-up. Hospitalized OSCI and healthy control groups were used
as controls for the acute TBI and chronic TBI groups, respectively. Sleep in hospitalized TBI and OSCI patients was recorded at bedside in regular care units after ICU
discharge with a full-night of polysomnography. Clinical data related to the injury were collected from their hospital charts. Sleep in chronic TBI and healthy control
participants was recorded with a full-night of in-laboratory polysomnography and a neuropsychological assessment was performed the following morning. Clinical

data related to the injury were retrospectively collected from their hospital charts.
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The following macroarchitecture sleep variables were derived for
the nighttime sleep recording: total sleep time, wake after sleep
onset, number of awakenings, apnea-hypopnea index, sleep ef-
ficiency, and time spent in each sleep stage (in percentage of
the whole nighttime sleep period). Sleep onset latency was only
measured for the in-laboratory polysomnography, as patients
recorded at bedside in hospital units had no “light-off” protocol
and were bedridden, which limited the estimation of sleep onset
latency.

Slow-wave and spindle detection. Slow waves and spindles were
detected automatically during the N2 and N3 stages of non-
rapid eye movement sleep for all sleep cycles, using methods
previously described [27, 28]. A single central derivation (C3) was
stable enough for detection in all eleven acute TBI patients and
was therefore used for all further analyses on sleep oscillations
for each group. For slow waves, EEG signal was band-pass fil-
tered (0.3-4.0 Hz) with a linear phase finite impulse response
filter (-3 dB), and previously published detection criteria were
used (negative peak lower than -40 pV, peak-to-peak ampli-
tude higher than 75 pV, negative phase duration between 125
and 1500 ms, and positive phase duration lower than 1000 ms)
[31]. We measured their density (events per minute) and the
following morphological characteristics: peak-to-peak ampli-
tude (uV), slope (uV/s), frequency (Hz), and positive and negative
phase durations (seconds). For spindles, EEG signal was band-
pass filtered (11.0-14.9 Hz) using a linear phase finite impulse re-
sponse filter (-3 dB), and the root-mean-square amplitude of the
filtered signal was then calculated over 0.25-second epochs. The
threshold for spindle detection was set at the 95th percentile
and at a minimum duration of 0.5 second. We measured their
density (events per minute) and the following morphological
characteristics: peak-to-peak amplitude (uV), frequency (Hz),
and duration (s).

Statistical analyses

Group differences in demographic and clinical characteristics
were assessed with one-way analyses of variance (ANOVAs) or
chi-squared tests when applicable, followed by Tukey post-hoc
analyses. Group differences in sleep architecture, slow-wave, and
spindle characteristics were assessed with one-way ANOVAs,
followed by Tukey's post-hoc analyses. The chronic TBI group
included a fraction (9/43) of participants who were previously
tested as acute TBI patients. To account for this intra-individual
variance, additional sensitivity analyses were performed while
excluding those participants from the chronic TBI group.
Associations with cognitive outcomes were explored in the
subset of TBI patients who were tested with polysomnography
at both the acute and chronic stages. Two separate principal
component analyses with varimax rotation were first computed
to create outcome composite scores representing the two cogni-
tive domains of interest (learning and memory; executive func-
tioning), with a priori selected cognitive test variables for each
score. The cutoff for variable inclusion in the components was
set at a loading coefficient (LC) >0.3. The learning and memory
composite score included the following tests: HVLT immediate
recall (LC = 0.58), HVLT delayed recalls (LC = 0.84), BVMT imme-
diate recall (LC = 0.95), and BVMT delayed recalls (LC = 0.89).
The executive functioning score included the following tests:

TMT part B-minus-A (LC = 0.86), Tower of London total moves
(LC = 0.97), total correct (LC = 0.93), total time (LC = 0.51), and
Stroop part 3-minus-1 (LC < 0.3) and 4-minus-2 (LC < 0.3). The
Stroop part 3-minus-1 and 4-minus-2 were therefore not in-
cluded in this component as their LC was under the predeter-
mined cutoff. All components were expressed as higher scores
representing better cognition.

Pearson correlations were then performed for significant
sleep architecture and sleep oscillation characteristics in the
acute stage with cognitive composite scores in the chronic
stage. Sensitivity analyses to account for variables that could
affect these associations included Pearson correlations of cog-
nitive outcome variables with age, injury-related variables,
and hospital-related variables, as well as Pearson correlations
of acute sleep variables with hospital-related variables. As a
post-hoc analysis, because sleep spindles are known to be trait-
like, we investigated whether any significant association with
cognition involving them would also be present in the chronic
stage in addition to the acute stage. All statistical analyses were
performed with SPSS Statistics 25 (IBM Corp., 2019), with stat-
istical significance set at p <0.05. Effect sizes were interpreted
according to established criteria [32, 33].

Results
Participant characteristics

Demographic and clinical data for the four groups are described
in Table 1. All groups were comparable for age and sex. Acute
and chronic TBI groups had similar injury severity markers,
namely the GCS score at first hospital admission and duration
of post-traumatic amnesia. Acute and chronic TBI groups had
longer ICU stays than the acute OSCI group, but similar total
hospital length of stay. Time since injury at moment of testing
was also similar between the acute TBI and OSCI groups.
Medication intake was prevalent among the acute hospital-
ized groups; briefly, a bigger proportion of acute OSCI patients
took pain medication such as opioids, while a bigger propor-
tion of acute TBI patients took psychoactive medication such as
psychostimulants, anticonvulsants, or antipsychotics.

Sleep architecture

All four groups were compared with one-way ANOVAs for
sleep architecture characteristics measured from a full-night
of polysomnography (Table 2). While we found no difference in
total sleep time, number of awakenings, and apnea-hypopnea
index, there were group effects in sleep efficiency (F(3, 100) = 6.2,
p = 0.001) and duration of wake after sleep onset (F(3, 100) = 9.8,
p = 0.00001). Post-hoc analyses revealed that the acute TBI group
had lower sleep efficiency and higher wake after sleep onset
than the chronic TBI (p = 0.035, d = 0.85; p = 0.002, d = 1.15, re-
spectively) and healthy control (p = 0.008, d = 1.11; p = 0.0002,
d = 1.46, respectively) groups, with large to very large effect sizes
(Figure 2, A and B). The acute OSCI group also had lower sleep ef-
ficiency and higher wake after sleep onset than the chronic TBI
(p = 0.040, d = 0.84; p = 0.011, d = 0.98, respectively) and healthy
control (p = 0.007, d = 1.21; p = 0.0009, d = 1.37, respectively)
groups, with similar effect sizes. Concerning the percentage of
time spent in each sleep stage, we found no group difference in



Table 1. Demographic and clinical characteristics
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Acute TBI Acute OSCI Chronic TBI Healthy controls Tukey's
[1] [2] [3] [4] One-way ANOVA/ post-
(n=11) (n=14) (n=43) (n=36) chi-square hoc
Age, years 28.9 (13.4) 39.9 (17.1) 31.9 (13.5) 30.5 (12.7) p=0.138 —
Sex, m:f 6:5 11:3 29:14 25:11 p =0.642 —
GCS at hospital admission 6.3 (3.0) — 8.4 (3.3) — p =0.062 —
Duration of post-traumatic amnesia, days 14.1 (18.0) — 14.8 (15.4) — p =0.896 —
ICU length of stay, days 13.9 (11.1) 3.5(4.7) 11.3 (9.9) — p =0.002 2<1,3
Hospital length of stay, days 31.7 (20.1) 28.4 (11.6) 30.7 (17.6) — p =0.866 —
Time since injury at moment of testing, 22.0 (14.8) 17.4 (7.3) 730.6 (308.5) — p <0.0001 1,2<3
days
Medication intake
Opioids, n (%) 4 (36.4) 12 (85.7) 0(0.0) 0(0.0)
Acetaminophen, n (%) 6 (54.5) 13 (92.9) 1(2.3) NA
Other analgesics and muscle relaxants, 0(0.0) 7 (50.0) 0(0.0) NA
n (%)
Anti-inflammatories, n (%) 0(0.0) 2(14.3) 3(7.0) NA
Psychostimulants, n (%) 4 (36.4) 0 (0.0) 2(4.7) 0(0.0)
Antidepressants, n (%) 1(9.1) 0(0.0) 6 (14.0) 0(0.0)
Anxiolytics, n (%) 1(9.1) 3(21.4) 0(0.0) 0(0.0)
Anticonvulsants, n (%) 3(27.3) 0 (0.0) 2(4.7) 0(0.0)
Antipsychotics, n (%) 3(27.3) 1(7.1) 1(2.3) 0 (0.0)

Medication intake for all groups is defined as any intake at any point during testing or the day prior. Data are presented as mean (SD) unless specified otherwise. NA,

not available.
Bold indicates statistically significant values.

Table 2. Differences in sleep architecture

Acute TBI Acute OSCI Chronic TBI Healthy controls Tukey's post-
[1] [2] [3] [4] One-way ANOVA hoc
Total sleep time, min 4585 (75.9) 434.3 (69.3) 4525 (6 429.5 (59.0) p=0.367 —
WASO, min 121.6 (86.7) 105.5 (58.4) 60.4 (4 48.1 (33.7) p = 0.00001 1,2>3,4
Number of awakenings 35.2 (29.9) 39.4 (20.7) 33.0 (1 28.3 (13.0) p=0.150 —
AHI, events/h NA NA 3.5 (5. 2.0 (2.4) p=0.141 —
Sleep efficiency, % 79.4 (15.0) 80.8 (8.5) 88.0 (8. 89.8 (7.0) p =0.001 1,2<3,4
Stage N1 sleep, % 11.0 (7.1) 16.4 (9.8) 11.4 (5. 10.9 (6.1) p = 0.042 2>34
Stage N2 sleep, % 47.4(8.2) 54.3 (10.2) 54.0 (7. 54.1(7.0) p=0.105 —
Stage N3 sleep, % 25.6 (10.3) 12.8 (10.2) 16.3 (8. 16.5 (8.9) p =0.010 1>234
REM sleep, % 15.9 (4.7) 16.4 (5.6) 18.3 (5. 18.5 (5.5) p=0.371 —

Data are presented as mean (SD). AHI, apnea-hypopnea index; REM, rapid eye movement; NA, not available; WASO, wake after sleep onset.

Bold indicates statistically significant values.

stage N2 or rapid eye movement sleep. On the other hand, stage
N1 (F(3,100) = 2.8, p = 0.042) and N3 (F(3, 100) = 4.0, p = 0.010) sleep
were different between groups. Post-hoc analyses revealed that
only the acute OSCI group had more N1 sleep than the chronic
TBI (p = 0.053, d = 0.75) and healthy control (p = 0.035, d = 0.75)
groups, with medium effect sizes, while only the acute TBI group
had more N3 sleep than all other groups (vs acute OSCI, p = 0.005,
d = 1.25; vs chronic TBI, p = 0.025, d = 1.01; vs healthy controls,
p =0.033, d = 0.99), with large to very large effect sizes (Figure 2,
C and D). Taken together, although both the acute OSCI and TBI
groups had more fragmented sleep, the OSCI group had lighter
sleep while the TBI group had deeper sleep. Of note, the chronic
TBI group was no different from the healthy control group.

As sensitivity analyses to account for nine patients from the
acute TBI group who were also tested at follow-up in the chronic
TBI group, we performed these analyses again while excluding
those participants from the chronic TBI group. The same dif-
ferences were found in sleep efficiency (F(3, 91) = 5.6, p = 0.001),

wake after sleep onset (F(3, 91) = 9.1, p = 0.00003), percentage of
time in stage N1 sleep (F(3, 91) = 3.0, p = 0.036), and percentage
of time in stage N3 sleep (F(3, 91) = 4.0, p = 0.010). Minor differ-
ences in post-hoc analyses only included the chronic TBI group
no longer being significantly different in sleep efficiency from
the acute TBI group (p = 0.07), in sleep efficiency from the acute
OSCI group (p = 0.13), and in stage N1 sleep from the acute OSCI
group (p = 0.06).

Slow waves and spindles

All four groups were compared with one-way ANOVAs for slow-
wave and spindle characteristics. For slow waves, differences
were only found for the negative phase duration (F(3, 98) = 3.8,
p = 0.012), with post-hoc analyses showing longer duration in
the acute TBI group compared to the healthy control group
(p = 0.017, d = 1.10), with large effect sizes. For spindles, differ-
ences were found in density (F(3, 98) = 8.5, p = 0.00005), with
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Figure 2. Significant sleep differences in hospitalized and chronic TBI compared
to hospitalized and healthy controls. Sleep data were acquired from a full-night
of bedside (hospitalized acute TBI and OSCI) or in-laboratory (chronic TBI and
healthy controls) polysomnography. Hospitalized TBI and OSCI had more frag-
mented sleep than chronic TBI and healthy controls, with (A) lower sleep effi-
ciency and (B) higher wake after sleep onset. (C) Hospitalized OSCI had more
stage N1 light sleep than chronic TBI and healthy controls. (D) Hospitalized TBI
had more stage N3 deep sleep than all other groups. Significant differences at
p < 0.05 are shown with an asterisk (*). WASO, wake after sleep onset.

post-hoc analyses showing that the acute TBI group had lower
spindle density than the chronic TBI (p = 0.0002, d = 1.46) and
healthy control (p = 0.0008, d = 1.49) groups, with very large effect
sizes. The acute OSCI group also had lower spindles density than
the chronic TBI (p = 0.020, d = 0.85) and healthy control (p = 0.048,
d = 0.89) groups, with large effect sizes. Differences were also
found in spindle amplitude (F(3, 98) = 3.8, p = 0.012), with post-
hoc analyses showing lower amplitude in the acute OSCI group
compared to the chronic TBI (p = 0.020, d = 0.91) and healthy con-
trol groups (p = 0.049, d = 0.91), with large effect sizes. No other
differences were found.

As sensitivity analyses to account for nine patients from the
acute TBI group who were also tested at follow-up in the chronic
TBI group, we performed these analyses again while excluding
those participants from the chronic TBI group. The same differ-
ences were found in slow-wave negative phase duration (F(3,
89) = 4.1, p = 0.009), spindle density (F(3, 89) = 8.1, p = 0.00008),
and spindle amplitude (F(3, 89) = 3.4, p = 0.020). Minor differences
in post-hoc analyses only included the healthy control group no
longer being significantly different from the acute OSCI group in
spindle density (p = 0.06) and spindle amplitude (p = 0.06).

Association between sleep during hospitalization and
cognitive outcomes in patients with TBI

In the subset of TBI patients who were tested at both the hos-
pitalized and follow-up stages, we explored the association

between their acute sleep architecture and oscillations and their
long-term cognitive outcomes, represented by the two cognitive
composite scores created by principal component analyses. The
learning and memory composite score was associated with per-
centage of time spent in N3 sleep (r = 0.82, p = 0.007), sleep effi-
ciency (r = 0.82, p = 0.007), and wake after sleep onset (r = -0.79,
p = 0.012). Indeed, higher percentage of time spent in N3 sleep,
higher sleep efficiency, and shorter wake after sleep onset during
hospitalization correlated with better learning and memory at
follow-up (Figure 3, A-C). Conversely, the executive functioning
composite score was only associated with acute spindle density
(r=0.73,p = 0.026). More precisely, higher spindle density during
hospitalization correlated with better executive functioning at
follow-up (Figure 3D). This association was not observed with
spindle density measured in the chronic stage.

As sensitivity analyses to control for other variables that
could affect the long-term cognitive functioning of TBI pa-
tients, we investigated if the cognitive composite scores were
associated with age, injury severity (as measured by the GCS
score at hospital admission and the duration of post-traumatic
amnesia), ICU and total hospital lengths of stay, time since in-
jury at moment of testing, and time since stopping continuous
intravenous sedation at moment of testing. No significant as-
sociations were found. In addition, to control for the hospital-
related variables that could affect our sleep measurements, we
also investigated if the sleep of hospitalized TBI patients was
associated with ICU and total hospital lengths of stay, time since
injury at moment of testing, and time since stopping continuous
intravenous sedation at moment of testing. No significant asso-
ciations were found.

Discussion

We used a prospective longitudinal design and polysomnography
to characterize the sleep of patients with moderate-to-severe
TBI during early hospitalization and years after the injury. We
found that patients hospitalized for severe traumatic injuries
(TBI or OSCI) had a highly fragmented sleep, which was surpris-
ingly accompanied by a high proportion of slow-wave sleep in
TBI patients only. Furthermore, we confirmed our hypothesis
that better sleep during hospitalization in the acute stage of the
injury is associated with better long-term cognitive outcomes
in TBI patients. Indeed, better learning, memory and executive
functioning 1-4 years after injury were strongly associated with
less fragmented and deeper sleep during hospitalization, but
not with age or injury severity markers. These results highlight
the importance of sleep in the acute stage of TBI, as it could be a
strong predictor of neurological recovery, either as a promoter or
as an early marker of cognitive outcomes. These results build on
previous actigraphy studies which showed that the recovery of a
consolidated sleep-wake cycle during the acute stage was asso-
ciated with short-term outcomes, namely consciousness levels
[7], post-traumatic amnesia resolution [12], and motor abilities
[10]. Taken together, these results may suggest that better sleep
during hospitalization predicts short- and long-term cognitive
outcomes after TBI. They also call for further research on the
early management of sleep disturbances as sleep could possibly
promote optimal recovery after severe brain damage.

With no surprise, sleep in regular hospital units after ICU dis-
charge was different from what is seen in laboratory conditions
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Figure 3. Effect of sleep during TBI hospitalization on cognitive outcomes. Better cognitive outcomes 1-4 years following the initial injury were associated with better
sleep during hospitalization in the subset of patients that were tested at both stages. Better learning and memory outcomes (composite score including the HVLT and
BVMT immediate and delayed recalls) were associated with (A) more stage N3 deep sleep, (B) higher sleep efficiency, and (C) lower wake after sleep onset during hospi-
talization. (D) Better executive functioning outcomes (composite score including the TMT part B-minus-A and the Tower of London total moves, total correct, and total
time) were associated with higher sleep spindle density during hospitalization. Composite scores were originally centered on zero and were translated upwards along
the y axis to represent them without crossing the x-axis. Dotted lines represent the 95% confidence interval.

for healthy individuals. Both acute TBI and OSCI groups had
less efficient and more fragmented sleep probably due, in part,
to the hospital environment (e.g. noise, light, nursing inter-
ventions) and pain, two factors known to disrupt sleep [34-36].
However, while this was accompanied by lighter sleep in OSCI
patients without moderate-to-severe TBI, TBI patients had a
deeper sleep characterized by more slow-wave sleep. Slow-wave
sleep is heavily involved in neuroplasticity, neurogenesis, and
glymphatic clearance of metabolites [13-16, 19-21, 37]. In recent
years, the study of glymphatic clearance during sleep has es-
pecially been a rapidly expanding field, as it is now becoming
clear that slow-wave sleep drives this important process [19-21].
Given that these three processes underlying nervous system
mending and upkeep should be massively solicited when the
brain sustained important damage, they may explain the sleep
patterns we observed in acute TBI patients. Results from the
present study could point to the brain injury itself as an im-
portant factor in the brain’s heightened need for deeper sleep
during critical care, which probably reflects the ongoing cerebral
recuperation and reorganization following the especially severe
TBI we studied. Previous studies in animal models support this
hypothesis as they have observed increased sleep need shortly
following a single fluid percussion or closed head TBI [38, 39].
We could hypothesize that the elevated sleep needs in our pa-
tients could also be due to previous sleep deprivation incurred
during ICU stay or by prolonged periods of continuous sedation

which may not fully replace sleep. However, neither ICU length
of stay nor time since stopping continuous sedation was as-
sociated with sleep characteristics. In addition, studies in rats
have advanced that prolonged sedation and anesthesia do not
result in sleep deprivation [40, 41]. In terms of sleep oscillations,
acute TBI patients had a decreased spindle density. Spindles are
less prevalent towards the beginning of the night when sleep
pressure is high and deeper sleep prevails [42, 43]. Although still
involved in neuroplasticity, their reduction could be a result
of the non-significant but present decrease in N2 sleep, which
may be a trade-off incurred by the concomitant shift towards
deeper sleep.

It is important to consider that sleep may be a marker of
neurological recovery rather than a promoter, or may potentially
be both a marker and a promoter. Our experimental design does
not allow us to conclude whether cognitive outcomes are influ-
enced directly by sleep or if both result from a common factor
such as global neurological recovery. On one hand, a recent study
advanced that the return of a consolidated sleep-wake cycle oc-
curred in parallel with the return of consciousness, and not as a
cause [7]. On the other hand, the previously discussed mechan-
isms could explain sleep’s role in promoting recovery. Long-term
cognitive outcomes in our relatively small sample were associ-
ated with sleep but not with injury-related markers, and other
studies have shown that sleep disorders exacerbate TBI cogni-
tive impairment and other symptoms [44, 45]. We surmise that



8 | SLEEP, 2022,Vol. 45, No. 8

both sides may be intertwined in a feedback loop, as the brain
needs healthy sleep the same way sleep needs a healthy brain.

Limitations

Almost all acute hospitalized patients were being administered
one or more types of medication, with some of them known to
influence sleep. The OSCI group was administered more anal-
gesics and muscle relaxants than the TBI group, including opi-
oids that are known to increase N2 sleep at the expense of N3
sleep [46, 47]. This is likely due to the severity of their orthopedic
injury and/or to their greater awareness and ability to commu-
nicate their pain, even though most moderate-to-severe TBI pa-
tients also had significant orthopedic injuries. As such, resulting
pain levels must have fluctuated and differed between groups
and may have differently affected sleep. Conversely, a bigger
proportion of the TBI group than the OSCI group was adminis-
tered various psychoactive medications with very diverse effects
on sleep [47]. Altogether, the mesh of fluctuating pain and medi-
cation makes it difficult to specifically characterize their effects
on sleep in our limited samples, and even harder to compare
with others as most TBI studies are comprised of very diverse
samples and medication intake may not have been reported in
detail. Other factors that may have affected our results include
repeated nursing interventions and other hospital disruptions,
which are partly accounted for in the experimental design by
using a control group hospitalized in a similar environment.
Overall, this highlights the importance of carefully detailing
clinical factors when investigating this patient population.

It also has to be noted that the relatively small sample size
of the hospitalized TBI group could be a limiting factor in the in-
terpretation of the results, although we found very large effects
due to the severe nature of the injury and its heavy neurological
impact. In addition, it is expected that sleeping in the hospital
environment could result in high inter-night variability, and
therefore, a single night of polysomnography recording could
limit the representativity of the whole hospital admission.

Clinical impact

Seeing as the hospital environment is typically not well suited
for good sleep [34, 35], and that most sleep disorders following
TBI stay undiagnosed and untreated for years [45], these findings
and the recent literature suggest that the enactment of strat-
egies to target sleep early on could possibly improve short- and
long-term functional recovery, quality of life and return to work.
In acute care units, the implementation of hospital protocols
and pharmacological treatments that account for sleep may be
necessary to allow for optimal recovery of TBI patients [35, 48]. In
rehabilitation units and in the long-term, non-pharmacological
interventions such as cognitive behavioral therapy and sleep
hygiene practices have proven effective in improving sleep for
individuals with TBI [44, 49]. Melatonin, melatonin agonists,
and luminotherapy have also succeeded in improving sleep,
fatigue, and cognitive functioning following TBI [50-53]. Novel
strategies such as sleep enhancement may also prove useful. In
animal models, sleep modulation to enhance slow-wave activity
acutely after TBI markedly reduced axonal damage and cogni-
tive decline 2 weeks later [54]. In healthy humans, acoustic and
transcranial stimulation to enhance slow oscillations during

sleep were successful in potentiating memory in the short-term
[55, 56], although longer-term studies are necessary to evaluate
their therapeutic effectiveness. Altogether, sleep appears to be
an important modifiable factor to target early on and throughout
recovery. In addition, sleep could prove to be a strong marker
of neurological recovery, and thus, its monitoring during hospi-
talization following a TBI could allow targeting individuals that
could benefit from other interventions to promote recovery.
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