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Abstract
Mild (mTBI) traumatic brain injury (TBI) accounts for the majority of all TBI cases. Evidence has suggested that
patients with mTBI can suffer from long-lasting cognitive deficits, persistent symptoms, and decreased quality
of life. Sleep disorders are commonly observed after TBI, with the prevalence rate of sleep disturbances in persons
with TBI being much higher than that in the general population. Poor sleep quality can impair cognitive func-
tions in the general population. This effect of sleep disturbances may impede the recovery processes in the
population with TBI. The objective of this study is to add to our understanding of the relationship between
self-reported sleep problems and other post-concussion symptoms and look at the association between early
sleep problems and long-term outcomes in mTBI. Post-concussion symptoms, neurocognitive functions, level
of global outcomes, and rating of satisfaction of life were assessed in 64 patients with mTBI. The results revealed
that the presence of sleep disturbances co-occur with an increased level of overall post-concussion symptoms at
the subacute stage of mTBI, particularly with symptoms including poor concentration, memory problems, and
irritability. In addition, sleep disturbance at the subacute stage is associated with persistent poor concentration
and memory problems, as well as worse neurocognitive function, slower overall recovery, and lower satisfactory
of life at the long term. Our findings suggest that sleep disturbance can be a prognostic factor of long-term out-
comes after mTBI. Early interventions to improve sleep quality can have potential benefits to facilitate the recov-
ery process from mTBI.

Keywords: mild traumatic brain injury; neurocognitive functions; post-concussion symptoms; sleep disturbances

1Department of Diagnostic Radiology and Nuclear Medicine, 2Center for Advanced Imaging Research (CAIR), 4Department of Epidemiology and Public Health, 5Neurology
Program and Trauma, Department of Neurology, University of Maryland School of Medicine, Baltimore, Maryland, USA.
3National Intrepid Center of Excellence, Walter Reed National Military Medical Center, Bethesda, Maryland, USA.

*Address correspondence to: Rao P. Gullapalli, PhD, Department of Diagnostic Radiology and Nuclear Medicine, University of Maryland School of Medicine, 670 West
Baltimore Street, Room L103, Baltimore, MD 21201, USA; E-mail: rgullapalli@som.umaryland.edu

ª Shiyu Tang et al., 2022; Published by Mary Ann Liebert, Inc. This Open Access article is distributed under the terms of the Creative Commons License
[CC-BY] (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the
original work is properly cited.

Neurotrauma Reports
Volume 3.1, 2022
DOI: 10.1089/neur.2022.0004

276



Introduction
Traumatic brain injury (TBI) is the leading cause of the
death and disabilities among all trauma-related injuries.1

Mild TBI (mTBI) accounts for *70–90% of all TBI
cases.2 Despite being labeled as ‘‘mild’’ injuries, evidence
has suggested that, in a subset of patients, mTBI may
lead to long-lasting cognitive deficits, persistent symp-
toms, and decreased quality of life.3–5 Sleep disorders
are commonly reported after TBI, with reports of 30–
70% of TBI patients experiencing short- or long-term
sleep problems post-injury.6–8 The prevalence rate of
sleep disturbances in persons post-TBI is much higher
than that in the general population6; however, the sever-
ity of sleep disturbances is not associated with severity of
TBI.9 Patients with TBI across the entire range of severi-
ties are at risk. Sleep problems with insomnia and wak-
ing up too early were more frequently reported by mTBI
patients than moderate or severe TBI patients.10–12 On
the other hand, hypersomnia was found to be more pro-
found in moderate-severe TBI patients.13,14

Previous studies showed that mTBI patients experi-
encing sleep problems often suffered from more severe
overall post-concussion symptoms no matter the post-
injury stage (i.e., acute, subacute, or chronic).15,16

However, the relationship between sleep and other
individual post-concussion symptoms has not been
widely investigated. Poor sleep quality is known to
impair cognitive functions in the general popula-
tion.17,18 These detrimental effects can delay the recov-
ery process and exacerbate unfavorable outcomes
post-TBI. For instance, mTBI patients experiencing
poor sleep quality had a longer recovery period,19 and
mTBI patients with persistent sleep problems at 1 year
post-injury had significantly poorer long-term func-
tional and social outcomes compared to those whose
acute sleep problems recovered by 1 year post-injury.20

A study on neuropsychiatric outcomes reported that
sleep disturbance presenting within 3 months post-
injury was associated with increased depression, apa-
thy, and anxiety 1 year after injury.21 Another study
revealed a bidirectional relationship between sleep dis-
turbances and poor global function across the first 6
months post-injury in a group of patients where the
majority were mTBI patients.22 Sleep difficulties within
2 weeks of injury were shown to be highly associated
with more severe post-concussion symptoms, poorer
neuropsychiatric outcomes, and reduced overall neuro-
cognitive functions 1 year after injury.23

The objective of this study is to examine sleep symp-
toms of mTBI patients and further our understanding

of the relationship between sleep difficulties and post-
concussion symptoms, as well as investigate the associ-
ation between subacute sleep difficulties and long-term
outcomes. We hypothesize that early sleep disruptions
are associated with unfavorable long-term outcomes
post-mTBI, including overall level of post-concussion
symptoms, global neurocognitive function, recovery
status, and satisfaction with life. In addition, we evalu-
ated the association of early sleep disruptions and sec-
ondary measures, including individual post-concussion
symptoms and neurocognitive functions.

Methods
Participants
mTBI patients were recruited from the R. Adam Cowley
Shock Trauma Center at the University of Maryland
Medical Center as part of the MagNeTs study (Magnetic
Resonance Imaging of NeuroTraumaStudy), which in-
cluded longitudinal behavioral and imaging assessment
that spanned over 18 months.24 mTBI was defined as
having an admission Glasgow Coma Scale of 13–15
and 1) a positive clinical computed tomography or 2)
a mechanism of injury consistent with trauma and
reporting loss of consciousness, alteration of conscious-
ness, or post-traumatic amnesia. Exclusion criteria were:
1) history of neurological disorders; 2) pre-existing psy-
chological disorders not including depression and anxi-
ety disorders; 3) seizure disorders; 4) history of previous
brain injury requiring hospitalization; and 5) contraindi-
cations to magnetic resonance imaging (MRI) since this
study. Sixty-four mTBI patients were included in this
study. A summary of patient information is shown in
Table 1. All study procedures were approved by the

Table 1. Summary of Patients with and without Sleep
Disruption at Subacute Stage Post-mTBI

All

Sleep disruption

Yes No

N (male) 64 (47) 15 (9) 49 (38)
Age, years 43.8 – 2.1 43.1 – 3.5 43.9 – 2.5
Education, years (mean – SE) 13.8 – 0.3 12.9 – 0.7 14.0 – 0.4
Long-term total RPQ (mean – SE) 15.0 – 2.1 31.9 – 5.0 9.2 – 1.8
Long-term ANAM WT (mean – SE) 199.5 – 5.5 174.0 – 11.8 207.3 – 5.8
Long-term GOSE score

(mean – SE)
7.3 – 0.1 6.6 – 0.3 7.5 – 0.1

Long-term GOSE recovered
(GOSE, >6)

49 (76.6%) 7 (46.7%) 42 (87.5%)

Long-term SWLS score
(mean – SE)

23.6 – 1.0 18.9 – 2.3 20.1 – 1.0

mTBI, mild traumatic brain injury; SE, standard error; RPQ, Rivermead
Post Concussion Symptoms Questionnaire; ANAM WT, Automated Neu-
ropsychological Assessment Metrics weighted throughput score; GOSE,
Extended Glasgow Outcome Scale; SWLS, Satisfaction with Life Scale.
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institutional review board at the University of Maryland,
and all participants provided written informed consent
and Health Insurance Portability and Accountability
Act (HIPAA) compliance.

Measures
Modified Rivermead Post Concussion Symptoms
Questionnaire. Severity of sleep problems and other
post-concussion symptoms were measured using the
modified Rivermead Post Concussion Symptoms Ques-
tionnaire (RPQ) at the subacute stage (mean – standard
error [SE], 37.0 – 1.3 days) and the chronic stage (6–18
months; mean – SE, 220.0 – 12.2 days) post-injury.25

Each symptom is rated on a scale from 0 to 4 (0 = not ex-
perienced at all; 1 = no more of a problem; 2 = a mild
problem; 3 = a moderate problem; and 4 = a severe prob-
lem). The modified RPQ used in the present study was
adapted from the original 16-item RPQ by adding six ad-
ditional items that were occasionally reported as ‘‘other
difficulties’’ by mTBI patients (i.e., vertigo, loss of bal-
ance, hearing difficulty, numbness or tingling, changes
in taste and/or smell, and difficulty making decisions).
In the present study, the presence of sleep problems or
any other post-concussion symptoms was defined as a
rating >2 (moderate-severe) on the symptoms.

Automated Neuropsychological Assessment Metrics.
Neurocognitive functions were assessed using the
Automated Neuropsychological Assessment Metrics
(ANAM) at the chronic stage of mTBI.26,27 The
ANAM consists of seven subtests, that is, simple reac-
tion time (SR), code substitution–learning (CS), proce-
dural reaction time (PRT), mathematical processing
(MATH), matching to sample (MTS), code substitu-
tion–delayed (CSD), and repeated simple reaction time
(SR2).26 Accuracy and reaction time in each subtest
were measured by a throughput score, which is the num-
ber of correct responses per minute. Overall performance
was assessed using a weighted throughput score.24

Extended Glasgow Outcome Scale. The Extended
Glasgow Outcome Scale (GOSE) was administered at
the chronic stage of mTBI, which is used for measuring
the level of disability and global outcomes post-TBI.28

According to the response in GOSE, subjects were
assigned to one of eight categories: dead, vegetative
state, lower severe disability, upper severe disability,
lower moderate disability, upper moderate disability,
lower good recovery, and upper good recovery. A di-
chotomization threshold was applied to divide patients

into two groups: favorable (GOSE, >6; lower good re-
covery and upper good recovery) and unfavorable
(GOSE, < = 6; the other six categories).

Satisfaction with Life Scale. Life satisfaction was mea-
sured with the Satisfaction with Life Scale (SWLS),
which is a five-item, seven-point scale questionnaire
at the chronic stage of mTBI.29 On each item, partici-
pants rate their agreement from strongly disagree
(point 1) to strongly agree (point 7). Higher total
score is indicative of higher satisfaction with life.

Pittsburgh Sleep Quality Index. Detailed sleep quality
was assessed in a subset of patients (n = 30) using the
Pittsburgh Sleep Quality Index (PSQI).30 A summary
of patient information is shown in Table 2. The PSQI
contains 19 self-rated items that measure seven compo-
nents of sleep quality (i.e., subjective sleep quality, sleep
latency, sleep duration, habitual sleep efficiency, sleep
disturbances, use of sleep medications, and daytime
dysfunction). A global score >8 was applied to distin-
guish patients having good versus poor sleep as pro-
posed by Fichtenberg and colleagues.31

Statistical analysis
Data analysis was performed using R Statistical Soft-
ware (version 4.0.2; The R Foundation for Statistical
Computing, Vienna, Austria). All patients completed

Table 2. Summary of Patients in the Subset
with PSQI Assessment

All

Sleep disruption

Yes No

N (male) 30 (23) 9 (3) 21 (20)***

Age, years 47.2 – 2.9 42.1 – 5.8 49.4 – 3.3
Education, years (mean – SE) 14.0 – 0.5 13.1 – 0.8 14.4 – 0.7
Long-term total RPQ

(mean – SE)
16.9 – 3.1 27.3 – 6.7 12.4 – 3.1

Long-term ANAM WT
(mean – SE)

194.6 – 7.3 187.6 – 14.3 197.6 – 8.6

Long-term GOSE score
(mean – SE)

7.0 – 0.2 6.2 – 0.4 7.4 – 0.2

Long-term GOSE recovered
(GOSE, >6)

22 (73.3%) 4 (44.4%) 18 (85.7%)

Long-term SWLS score
(mean – SE)

23.3 – 1.4 19.3 – 2.6 25.1 – 1.6

***p < 0.001, Fisher’s exact test comparing patients with and without
sleep disruption during the subacute injury stage.

PSQI, Pittsburgh Sleep Quality Index; SE, standard error; RPQ, River-
mead Post Concussion Symptoms Questionnaire; ANAM WT, Automated
Neuropsychological Assessment Metrics weighted throughput score;
GOSE, Extended Glasgow Outcome Scale; SWLS, Satisfaction with Life
Scale.
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the RPQ, ANAM, GOSE assessment, and SWLS. Years
of education of 3 patients were missing. These 3 pa-
tients were not included in the regression analysis de-
scribed below.

Demographic information. Demographic informa-
tion was compared between patients with and without
sleep problem at subacute stage of injury. Fisher’s exact
test was used to compare the sex composition between
the two groups. A two-sample t-test was performed to
compare age and years of education.

Sleep problems and post-concussion symptoms. RPQ
total score without the sleep scale was used to reflect
the overall level of post-concussion symptoms. Linear
regressions were performed to assess the relationship
between sleep problems at the subacute stage and
overall post-concussion symptoms at the subacute
and chronic stages. Headaches, dizziness, trouble con-
centrating, memory problems, fatigue, and irritability
were used to define post-concussion syndrome to-
gether with sleep problems.32 Sleep difficulties often
co-occur with post-concussion symptoms.15,16 Logis-
tic regression was performed to assess the relationship
between the presence of sleep problems and the addi-
tional six post-concussion symptoms at the subacute
stage of injury. Another logistic regression analysis
was performed to investigate whether early sleep
problems impose an extra risk of persistent post-
concussion symptoms at the chronic stage after
controlling for the corresponding symptoms at the
subacute stage. Age, sex, and years of education
were added to the analysis as independent variables.

Early sleep problem and long-term outcomes. Linear
regressions were performed using the presence of sleep
problem at the subacute stage, age, years of education,
and sex as independent variables and outcome mea-
sures at the chronic stage of injury as dependent vari-
ables (i.e., ANAM weighted throughput score, GOSE
score, and SWLS total score). The association between
sleep problems and recovery status (favorable vs. unfa-
vorable as assessed by the GOSE) was assessed using a
logistic regression, with the dichotomized GOSE as the
dependent variable and the same set of independent
variables as in the linear regression. In addition, a pro-
file analysis across the seven ANAM subtests was per-
formed to assess whether patients with and without
subacute sleep problems would demonstrate different
performance patterns in the tests. Linear regressions

were then performed on the throughput score of each
subtest to identify subtests that are highly associated
with early sleep problems.

Sleep-quality evaluation with the Rivermead Post
Concussion Symptoms Questionnaire and Pittsburgh
Sleep Quality Index. To evaluate the consistency of
the RPQ and PSQI in detecting the presence of sleep
problems at the subacute stage, a Fisher’s exact test
was performed to compare the number of patients
with and without sleep problems as detected with the
RPQ and PSQI. To characterize the association be-
tween the RPQ sleep scale and each component in
the PSQI, cumulative link models were performed on
the score of each of the seven components, with the
RPQ sleep score and sex as independent variables.
Years of education was not significant for any of the
components and was not expected to affect the associ-
ation between the RPQ and PSQI and therefore was ex-
cluded from the model.

Results
Demographic information
Sex composition ( p = 0.197), age ( p = 0.848), and years
of education ( p = 0.188) were not significantly different
between patients with and without sleep problem at the
subacute stage (Table 1). In the subset of patient with
the PSQI assessment, significantly more females pre-
sented sleep problems compared to males ( p < 0.001;
Table 2). Age ( p = 0.252) and years of education
( p = 0.268) were not significantly different between pa-
tients with and without sleep problem in this subset
(Table 2).

Relationship between sleep problems
and post-concussion symptoms
Patients with moderate-severe sleep problems at the sub-
acute stage suffered from more severe post-concussion
symptoms during the subacute stage of injury according
to the RPQ total score ( p < 0.001; Table 3). They also
had a significantly higher odds of concurrently expe-
riencing trouble concentrating ( p = 0.020), memory
problems ( p = 0.015), and irritability ( p = 0.009) and
a trend for increased risk of headaches ( p = 0.071)
and fatigue ( p = 0.05; Table 3). Similarly, patients who
reported early sleep problems were more likely to expe-
rience more severe chronic post-concussion symptoms
( p = 0.032) regardless of the level of overall post-
concussion symptoms at the subacute stage (Table 4).
The presence of early sleep problems at the subacute
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stage significantly increased the chance of experiencing
trouble concentrating ( p = 0.002) and memory prob-
lems ( p = 0.038) at the chronic stage whether or not
these symptoms were presented at the subacute stage
(Table 4).

Association between early sleep problems
and long-term outcomes
Global neurocognitive performance, as reflected by the
ANAM weighted throughput at the chronic stage, was
significantly lower in patients reporting early sleep

problems ( p < 0.001; Table 4). Overall performance
on the ANAM battery was also affected by age and
years of education, with younger, more highly educated
patients performing better. The profile analysis showed
a trend of interaction between the patient group and
subtests (test of parallelism, p = 0.086), indicating pos-
sible differences in the performance pattern between
patients with and without early sleep problems. Test
of equality suggested significant differences in subtests
between the two groups of patients ( p = 0.003; Fig. 1).
Specifically, significant negative effects of early sleep

Table 3. Relationship between Sleep Disruption and Post-Concussion Symptoms at Subacute Stage Post-Injury

RPQ

Sleep disruption Age Sex Years of education

Coefficient (95% CI) p value Coefficient (95% CI) p value Coefficient (95% CI) p value Coefficient (95% CI) p value

RPQ totala 19.36 (11.83, 26.89) <0.001 0.06 (�0.14, 0.26) 0.553 –6.21 (�13.34, 0.92) 0.086 –0.83 (�2.06, 0.40) 0.184
Headaches 1.43 (�0.13, 3.04) 0.071 –0.01 (�0.06, 0.04) 0.816 –0.26 (�1.90, 1.52) 0.755 –0.28 (�0.73, 0.06) 0.148
Dizziness 0.10 (�2.06, 1.94) 0.917 0.00 (�0.05, 0.05) 0.970 –1.15 (�3.01, 0.68) 0.203 –0.31 (�0.91, 0.09) 0.194
Trouble concentrating 1.62 (0.26, 3.03) 0.020 0.00 (�0.04, 0.04) 0.993 –0.93 (�2.33, 0.47) 0.185 –0.07 (�0.36, 0.20) 0.644
Memory problems 2.20 (0.52, 4.18) 0.015 –0.01 (�0.07, 0.04) 0.666 0.69 (�1.10, 2.93) 0.489 0.07 (�0.26, 0.41) 0.662
Fatigue 1.38 (�0.01, 2.80) 0.050 –0.01 (�0.05, 0.04) 0.725 –0.63 (�2.03, 0.82) 0.373 –0.03 (�0.32, 0.23) 0.825
Irritability 3.57 (1.33, 7.04) 0.009 –0.04 (�0.13, 0.03) 0.316 0.60 (�1.58, 3.27) 0.616 0.15 (�0.29, 0.65) 0.505

aMeasurements from linear regression. Other measurements were from logistic regression.
RPQ, Rivermead Post Concussion Symptoms Questionnaire; 95% CI, 95% confidence interval.

Table 4. Relationship between Subacute Sleep Disruption with Other Post-Concussion Symptoms and Outcome
Measures at Chronic Stage

Assessments

Sleep disruption Age Sex Years of education

Coefficient (95% CI) p value Coefficient (95% CI) p value Coefficient (95% CI) p value Coefficient (95% CI) p value

RPQ
RPQ totala 8.20 (0.72, 15.68) 0.032 0.15 (�0.01, 0.31) 0.073 1.28 (�4.71, 7.28) 0.670 –0.43 (�1.46, 0.59) 0.399
Headaches 2.09 (�0.49, 5.65) 0.144 –0.03 (�0.15, 0.06) 0.483 –1.06 (�4.55, 1.87) 0.473 0.07 (�0.58, 0.71) 0.827
Dizziness 1.61 (�0.16, 3.49) 0.074 0.02 (�0.04, 0.08) 0.538 0.27 (�1.53, 2.41) 0.780 –0.06 (�0.46, 0.30) 0.753
Trouble

concentrating
3.16 (1.38, 5.50) 0.002 –0.02 (�0.10, 0.04) 0.472 0.80 (�1.22, 3.15) 0.463 –0.10 (�0.53, 0.27) 0.600

Memory
problems

1.80 (0.13, 3.62) 0.038 0.05 (0.00, 0.12) 0.070 0.83 (�0.88, 2.84) 0.369 –0.21 (�0.58, 0.07) 0.188

Fatigue 2.11 (�0.05, 4.77) 0.072 –0.03 (�0.12, 0.05) 0.461 0.04 (�2.31, 2.65) 0.976 0.04 (�0.50, 0.54) 0.858
Irritability 1.78 (�0.33, 4.08) 0.096 0.03 (�0.03, 0.11) 0.356 –0.81 (�2.98, 1.25) 0.432 –0.32 (�0.93, 0.10) 0.198
ANAMa

WT –29.21 (�48.67, �9.75) <0.001 –1.62 (�2.13, �1.12) 0.004 1.12 (�17.30, 19.55) 0.903 4.34 (1.16, 7.53) 0.008
CS –6.61 (�13.01, �0.20) 0.043 –0.54 (�0.71, �0.37) <0.001 –4.02 (�10.08, 2.04) 0.189 0.86 (�0.19, 1.91) 0.106
CSD –6.96 (�15.14, 1.22) 0.094 –0.681 (�0.89, �0.47) <0.001 –3.15 (�10.89, 4.60) 0.420 0.775 (�0.56, 2.11) 0.251
MTS –4.21 (�9.80, 1.39) 0.138 –0.24 (�0.39, �0.10) 0.001 –0.12 (�5.42, 5.18) 0.963 0.78 (�0.13, 1.70) 0.092
MATH –2.82 (�7.02, 1.38) 0.183 –0.03 (�0.14, 0.08) 0.552 3.09 (�0.89, 7.07) 0.125 0.91 (0.23, 1.60) 0.01
PRT –5.79 (�17.02, 5.44) 0.306 –0.35 (�0.64, �0.06) 0.02 1.93 (�8.70, 12.57) 0.717 1.64 (�0.20, 3.48) 0.079
SR –37.66 (�61.68, �13.64) 0.003 –1.41 (�2.04, �0.79) <0.001 7.17 (�15.58, 29.91) 0.530 1.86 (�2.07, 5.79) 0.35
SR2 –39.95 (�63.16, �16.75) 0.001 –1.62 (�2.22, �1.01) <0.001 3.78 (�18.19, 25.76) 0.731 4.65 (0.86, 8.45) 0.017
GOSE
Scorea –0.75 (�1.38, �0.13) 0.020 –0.01 (�0.03, 0.00) 0.101 0.47 (�0.13, 1.06) 0.121 0.06 (�0.04, 0.16) 0.263
Favorable

recovery
–1.79 (�3.25, �0.44) 0.011 –0.03 (�0.08, 0.01) 0.132 1.07 (�0.31, 2.49) 0.127 0.16 (�0.11, 0.48) 0.267

SWLS totala –5.59 (�10.35, �0.84) 0.005 –0.04 (�0.17, 0.08) 0.516 0.30 (�4.20, 4.80) 0.894 0.67 (�0.11, 1.44) 0.092

aMeasurements from linear regression. Other measurements were from logistic regression.
RPQ, Rivermead Post Concussion Symptoms Questionnaire; ANAM WT, Automated Neuropsychological Assessment Metrics weighted throughput

score; CS, code substitution–learning; CSD, code substitution–delayed; MATH, mathematical processing; MTS, matching to sample; PRT, procedural
reaction time; SR, simple reaction time; SR2, repeated simple reaction time; GOSE, Extended Glasgow Outcome Scale; SWLS, Satisfaction with Life
Scale.
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problems were observed on the CS ( p = 0.043), SR
( p = 0.003), and SR2 ( p = 0.001) subtests, indicating
lower functions in attention, visual perception, visuo-
motor response, and mental fatigue (Table 4). Signifi-
cant negative effects of age were observed on all but
the MATH subtests, where older patients had worse
neurocognitive performance. Years of education showed
positive effects on MATH and SR2, where patients with
higher education performed better in MATH and SR2
(Table 4).

Subacute moderate-severe sleep problems were sig-
nificantly associated with lower GOSE score ( p = 0.02)
and lower SWLS ( p = 0.005) at the chronic stage. Logis-
tic regression on recovery status showed that patients
with subacute sleep problems were less likely to have
favorable recovery at the chronic stage ( p = 0.011;
Table 4).

Consistency between Rivermead Post Concussion
Symptoms Questionnaire Sleep Scale
and Pittsburgh Sleep Quality Index
Results showed a consistency between the presence of
moderate-severe sleep problems reported on the RPQ
sleep scale and PSQI ( p = 0.003; Table 5). Among the
seven components of the PSQI, the presence of sleep
problem as detected by the RPQ was significantly asso-

ciated with issues in sleep duration ( p = 0.016), sleep
disturbances ( p = 0.029), sleep latency ( p = 0.006), ha-
bitual sleep efficiency ( p = 0.031), and subjective sleep
quality ( p = 0.003; Table 6). The PSQI components
that showed no association with RPQ-detected sleep
problems were daytime dysfunction ( p = 0.079) and
sleep medications ( p = 0.378; Table 6).

Discussion
Sleep loss or prolonged wakefulness can affect cognitive
capacities and impair quality of life. Previous studies
reported attention deficits, memory problems, and im-
paired executive functions after either total or partial
sleep deprivation.17,33,34 It is known that patients
with mTBI can suffer from long-term cognitive diffi-
culties and lower quality of life. This study showed
that moderate-severe sleep disturbances are associated
with delayed recovery of cognitive functions and unfa-
vorable long-term outcomes post-mTBI.

In the present study, presence of sleep disturbances
was accompanied by an increased level of overall
post-concussion symptoms at the subacute stage of
mTBI. In particular, sleep disturbances tend to occur
simultaneously with poor concentration, memory
problems, and irritability. In addition, the presence of
subacute sleep disturbances is also associated with per-
sistent poor concentration and memory problems, as
well as reduced neurocognitive performance, global re-
covery, and satisfaction with life in the chronic stage.

The role of sleep in memory has been widely investi-
gated in the general population. Current theory suggests
that sleep actively enhances the consolidation of mem-
ory in addition to passively protecting memory from in-
terfering stimuli.35 Different stages of sleep have unique
contributions to memory consolidation. For example,
slow-wave sleep (SWS) can enhance declarative mem-
ory consolidation whereas rapid eye movement (REM)
sleep can improve implicit memory processes.36–38

Other studies have suggested that SWS and REM play
complementary roles in neural reactivation and synaptic

FIG. 1. Profile plot showing throughput scores
of the seven ANAM subtests for patients with
and without early sleep problems. ANAM,
Automated Neuropsychological Assessment
Metrics; CS, code substitution–learning; CSD,
code substitution–delayed; MATH, mathematical
processing; MTS, matching to sample; PRT,
procedural reaction time; SR, simple reaction
time; SR2, repeated simple reaction time.

Table 5. Co-occurrence of Sleep Problem as Detected
with RPQ and PSQI at Subacute Stage Post-Injury

RPQ vs. PSQI

Sleep disruption (PSQI)

No Yes

Sleep disruption (RPQ) No 19 3
Yes 2 6

RPQ, Rivermead Post Concussion Symptoms Questionnaire; PSQI,
Pittsburgh Sleep Quality Index.
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remodeling for the transition from short- to long-term
storage of memory.35,39 Reduced REM and increased
SWS percentages have been reported in patients at the
subacute to chronic stages of TBI compared to the
population without a history of TBI.40–42 This impaired
balance between REM and SWS may disrupt sleep-
dependent memory consolidation, which could contrib-
ute to long-term memory problems.

In addition to memory problems, the present study
shows that sleep difficulty at the subacute stage may
predict long-term difficulties in cognitive functions,
such as attention, visual perception, and visuomotor
function. This can be related with disrupted sleep-
dependent synaptic regulation and plasticity.43,44

Sleep-dependent plasticity plays an important role in
cognitive recovery after brain injuries. Sleep depriva-
tion can lead to reduced axonal sprouting and neuro-
genesis in rats after focal cerebral ischemia.45 In
contrast, enhancing slow waves during sleep can in-
crease local axonal sprouting and cortical circuit reor-
ganization in mice during stroke recovery.46 Good
sleep quality can facilitate neural plasticity in response
to brain injuries; however, having poor sleep quality is
likely to impede this process and delay the recovery of
cognitive functions such as attention and memory.

Besides neural plasticity, poor sleep quality may
contribute to poor outcomes through disrupting the
function of the glymphatic system. The sleep-
dependent glymphatic system, most active during
non-rapid-eye movement and SWS sleep,47,48 is a
glial-dependent perivascular network.49 It communi-
cates with meningeal lymphatic channels to drain
brain waste through an exchange between cerebro-
spinal fluid and interstitial fluid.50 Impaired glym-
phatic clearance can lead to the accumulation of
waste metabolites, such as tau protein and amyloid-
beta, and contribute to the development of cogni-
tive impairments.49,51 TBI is known to directly affect

the glymphatic and meningeal lymphatic systems
through vascular disruption and aquaporin-4 channel
alteration.52–54

Recent studies suggested that sleep can play a mod-
erator role on the effect of TBI.55 Sleep deprivation or
restriction can result in the accumulation of amyloid-
beta in both humans and rodents, indicating possible
dysfunction of the glymphatic system.56,57 A study on
veterans showed that mTBIs are more likely to result
in glymphatic dysfunction in subjects with poor
sleep, as evidenced by an increase in the number and
volume of MRI-visible perivascular spaces, a part of
the glymphatic pathway, compared to those with nor-
mal sleep.58 Disrupted glymphatic function could
therefore be another factor connecting sleep difficulties
and long-term outcomes observed in the present study.

Several limitations should be noted in this study.
The sleep problems in this study were identified
using the single self-reported item on the RPQ. There-
fore, the sleep problems in this study can only be taken
as a general description of subjective sleep quality,
which is not as comprehensive as the PSQI. However,
this study demonstrated an association between self-
reported sleep problems reflected in the sleep scale of
the RPQ and those detected with the PSQI in the subset
of patients for which the PSQI was collected. Although
this association was only measured in a small subset of
participants, which may not be ideal for representing
the overall mTBI population, it suggests that the RPQ
can be a potential quick assessment of subjective
sleep quality when a comprehensive evaluation is not
feasible. Another limitation is that this study included
only subjective measures of sleep. Future studies
using objective measures (i.e., overnight sleep studies
using polysomnography) should be performed to fur-
ther investigate what aspects of sleep are disrupted.
Further, the present study only includes patients with
mTBI, and therefore the relationships between sleep

Table 6. Association between Sleep Disruption as Detected with RPQ and PSQI Components at Subacute Stage Post-Injury

PSQI components

Sleep disruption (RPQ) Age Sex

Coefficient (95% CI) p value Coefficient (95% CI) p value Coefficient (95% CI) p value

Sleep duration 2.19 (0.49, 4.12) 0.016 –0.01 (�0.06, 0.04) 0.729 –1.13 (�3.02, 0.64) 0.214
Sleep disturbances 2.67 (0.50, 5.46) 0.029 0.07 (0.01, 0.15) 0.038 0.82 (�1.44, 3.30) 0.484
Sleep latency 2.61 (0.83, 4.64) 0.006 –0.02 (�0.07, 0.02) 0.337 –0.69 (�2.64, 1.16) 0.465
Daytime dysfunctions 1.80 (�0.09, 4.05) 0.079 0.00 (�0.04, 0.05) 0.844 –1.87 (�4.15, 0.04) 0.071
Habitual sleep efficiency 1.82 (0.20, 3.57) 0.031 –0.01 (�0.05, 0.04) 0.734 –1.13 (�2.93, 0.58) 0.195
Subjective sleep quality 4.06 (1.74, 7.44) 0.003 –0.03 (�0.08, 0.02) 0.253 –3.35 (�6.59, �1.08) 0.011
Sleep medications 0.91 (�1.21, 2.97) 0.378 0.05 (�0.01, 0.13) 0.120 –2.30 (�4.86, �0.11) 0.049

RPQ, Rivermead Post Concussion Symptoms Questionnaire; PSQI, Pittsburgh Sleep Quality Index; 95% CI, 95% confidence interval.
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disturbances and chronic outcomes were not investi-
gated in subjects who had been injured but without
TBI (i.e., orthopedic controls). It is not clear whether
the pattern of relationships is common in the general
population or is moderated by mTBI.

Future studies on objective sleep quality and physio-
logical processes, such as neural plasticity and glymph-
atic function, in both mTBI and the general population
are needed. In addition, our study is based on a limited
sample size and therefore needs to be interpreted with
caution. To evaluate the magnitude of the effect of
subacute-stage sleep disruptions on our primary mea-
sures (i.e., total RPQ, ANAM weighted throughput,
GOSE, and SWLS), we calculated the effect size using
Cohen’s f2. Cohen’s f2 for total RPQ at the subacute
and chronic stages were 0.47 and 0.09, respectively, indi-
cating large- and small-to-medium effects. Cohen’s f2 also
indicated medium effects on ANAM weighted through-
put (f2 = 0.16) and GOSE recovery status (f2 = 0.13) and
small-to-medium effects on the SWLS (f2 = 0.1). The
effect sizes suggest that the impact of subacute-stage
sleep disruptions detected in this study is meaningful.
However, future studies with larger sample sizes are
needed to verify our findings in large populations.

Conclusion
This study revealed relationships between early sleep
problems and both short- and long-term outcomes in
patients with mTBI. The results agree with previous re-
ports that sleep disturbances are linked with impeded
post-injury recovery. In addition, this study showed
that the single scale of sleep quality from the RPQ
could be a useful tool for the quick assessment of over-
all sleep quality and that it can be predictive to long-
term neurocognitive function and overall recovery.
Improvement of sleep quality early post-injury may fa-
cilitate recovery and increase the efficacy of other inter-
ventions. Future studies on the mechanisms underlying
this sleep-injury interaction will provide therapeutic
targets and contribute to treatment optimization.
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