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General Introduction 

Acquired brain injury (ABI) is an umbrella term for brain injuries that occur after birth and can 

be separated into traumatic and non-traumatic brain injuries. This thesis mainly focuses on 

traumatic brain injury (TBI) and especially moderate-severe TBI. TBI is sudden damage to the 

brain caused by an external forceful impact to the head, for example, a traffic accident or fall. 

It is one of the most serious, disabling neurological disorders, with worldwide over 50 million 

people sustaining a TBI each year.1,2 TBI is a major cause of mortality and long-term disability 

in young people which places a high burden on society.3 Furthermore, especially in high-

income countries, the prevalence of TBI in people over 65 years old is increasing due to falls.4 

Globally the annual costs of TBI are estimated at around 400 billion US dollars.2 Around 80% 

of TBI’s are mild and are considered as trivial and benign injuries as opposed to moderate-

severe injuries which are associated with chronic changes in the person and their 

environment.5 In the Netherlands around 22800 people suffer from a moderate-severe TBI 

each year.6  

In the disease process following all types and severities of ABI, sleep problems and 

fatigue are highly prevalent and may last from the initial recovery phase up until years post-

injury.7-10 Following TBI the percentage of people experiencing fatigue is between 30% and 

70% depending on the TBI severity, time since injury, and methods used.8,11,12 A meta-analysis 

indicated that 53% experience sleep problems when examined with objective measurements 

and formal diagnostic criteria.13 Fatigue and sleep problems are associated with poorer social, 

physical, cognitive, and general functioning.14 This leads to reduced capacity for activities such 

as work, social relationships, studying, leisure activities, and functional independence.15  

 

Fatigue 

Fatigue is often described as one of the most disabling and prolonged symptoms after TBI and 

is found to interfere with the recovery and rehabilitation process.8 Fatigue is a normal 

phenomenon that happens after a period of mental or physical exertion, it is often associated 

with reduced task performance and is alleviated by rest.16 However, post-TBI fatigue is not 

necessarily related to a period of exertion and can even occur after seemingly minor activities 

such as reading a book or having a conversation with friends, which are often considered as 

relaxing to people without a brain injury.17 Therefore, fatigue following TBI might be 
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described as “a subjective lack of physical and/or mental energy that interferes with an 

individual's life”.18 The extent of these feelings of fatigue following a brain injury are often 

not understood by the environment and 30% of the family members or friends even interpret 

fatigue as laziness.19 Fatigue may be a direct consequence of the brain injury (primary fatigue) 

but it can also be provoked by other symptoms related to the injury such as mood or sleep 

disturbances (secondary fatigue).20 In addition, fatigue is a risk factor for emotional difficulties 

in the long term.12,21 Assessment of fatigue is commonly based on self-report; however, 

accurate self-report may be complicated in people with a brain injury due to language and 

cognitive problems.22 Moreover, fatigue itself is multidimensional, and different factors, such 

as mood, medication, and pain may influence fatigue,8 making it difficult to measure 

subjective fatigue in a quantitative way. Therefore, additional objective measures are needed 

to evaluate fatigue following brain injury.22 However, there is still a lack of easily applicable 

objective methods to measure fatigue that could be used in research and the clinical setting.  

Especially, mental fatigue, which is described as insufficient energy reserves to 

perform everyday mental activities, is a dominating factor that limits people with TBI to lead 

a normal life including work and social activities.15,17 People with TBI often experience 

cognitive impairments such as memory and attention difficulties, slowness of thinking, and 

impaired decision making.23 In contrast to physical fatigue, which is a decline in the ability of 

a muscle to generate force and can easily be measured with electromyography and a decline 

in performance, mental fatigue is difficult to measure objectively. Furthermore, the 

underlying behavioural and neuronal mechanisms of mental fatigue following TBI are still 

poorly understood. 

Fatigue following TBI could be due to slowness in recovery following a mentally 

exhausting task resulting in longer duration and accumulation of fatigue.17,24 People with TBI 

report that it takes them several hours to days to fully recover from mental exhaustion while 

healthy controls report they only need one hour or less. However, the recovery curve of 

fatigue following mental exhaustion has never been investigated in individuals with TBI and 

compared to that of healthy controls.24,25  

Furthermore, existing theories propose that fatigue following TBI is directly or 

indirectly related to the increased effort needed to perform everyday tasks.11,26,27 This derives 

from the idea that a TBI causes changes in the brain and thereby disrupts the cognitive26 or 

motivational system.18,27-31 These cognitive disruptions may lead to inefficient information 
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processing, meaning that the brain must expend more energy (effort) to perform a cognitive 

task.26 Previous studies have demonstrated significant relationships between performance 

and effort,32,33 between performance and fatigue,11,34-36 and one study reported a correlation 

between effort and fatigue in people with TBI.11 However, none of these studies compared 

people with TBI to healthy controls, so whether this relationship between subjective effort 

and fatigue is similar in individuals with TBI and healthy controls still needs to be determined.  

The external forceful impact to the head may lead to diffuse axonal injury, resulting 

from the fast accelerating or decelerating forces to the head, causing shearing of long axon 

connections within the brain.37 Consequently, this might lead to disturbances in structural 

and functional connectivity of the brain’s networks.38 Examining functional connectivity might 

thus be relevant to explore specific brain networks and mechanisms implicated in fatigue 

following TBI. Resting-state functional magnetic resonance imaging (rs-fMRI) measures brain 

functional connectivity during rest. The benefit of rs-fMRI is that there is no task performance 

making it easy to collect data from vulnerable populations and explore the diffuse effects of 

fatigue on the brain. In addition, since it is known that resting-state functional connectivity 

(rsFC) is altered by earlier brain states,39 rsFC could be used to investigate the changes in 

functional connectivity due to task-induced fatigue. However, rsFC changes due to task-

induced fatigue and the association with subjective fatigue both have not yet been examined 

in people with moderate-severe TBI. Exploring these changes and the association with fatigue 

might increase our understanding of the neuronal mechanisms of fatigue following TBI, which 

may lead to potential treatment options in the future. 

 

Sleep 

Sleep disturbances following TBI are common and range from insomnia (e.g. not being able 

to fall asleep and/or stay asleep) to hypersomnia (e.g. excessive daytime sleepiness and 

increased sleep need).40 Like fatigue, sleep disturbances can be caused directly by the brain 

injury, for example by damage to brain areas important for sleep (primary sleep 

disturbances), or might be evoked by other symptoms related to the brain injury, such as 

depression, stress, or fatigue (secondary sleep disturbances).8 Fatigue often co-occurs with 

sleep disturbances and both symptoms may exacerbate each other. Acute sleep-wake 

disturbances, indicated by a fragmented sleep-wake pattern, have been associated with 
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longer hospitalization and worse outcome.41 Furthermore, sleep disturbances negatively 

affect recovery after brain injury, cognitive functioning, and daily living.42,43  

Epidemiological studies in the general population found that people who are less 

physically active tend to have poorer sleep and more sleep-related difficulties.44,45 This 

relationship between sleep and physical activity is thought to be bidirectional, whereby poor 

sleep might be associated with less physical activity and lower physical activity levels may be 

associated with poor sleep.46 The presence of sleep disturbances following TBI might lead to 

a tendency to rest more during daytime (be less physically active), and this may, in turn, lead 

to the maintenance of sleep disturbances.47 However, whether this day-to-day relationship 

between sleep and physical activity is present in people with TBI still needs to be determined. 

A better understanding of the relationship between sleep and physical activity following TBI 

might bring new insights to treatment options for sleep disturbances. 

 

Course of sleep disturbances and fatigue 

Very few studies have examined the development of fatigue and sleep disturbances and 

which factors might be associated with the development or continuation of these symptoms. 

Most previous research examined sleep disturbances or fatigue cross-sectional. The few 

studies that examined the development of fatigue or sleep disturbances often examined 

these problems in isolation while fatigue and sleep disturbances might also influence each 

other.48-50 Furthermore, it could be hypothesized that fatigue and sleep disturbances in the 

first months after the injury are mostly related to the injury, such as the damage to the brain 

or other physical injury and the recovery processes, while the development or continuation 

of these symptoms later in the disease process (e.g. after one year) might be more associated 

with psychological and social consequences of the injury such as, depression or returning to 

work. This could be examined with a longitudinal study in which people with a recent TBI are 

followed for a longer period while examining fatigue and sleep with a biopsychosocial model. 

A biopsychosocial model considers biological factors (e.g. severity of the injury, pain, 

damaged brain areas), as well as psychological (e.g. depression, anxiety, coping style), and 

social factors (e.g. influence of the environment, social support). A better understanding of 

how fatigue and sleep disturbances develop over time might help in predicting who will 
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experience these symptoms in the long term and may give the opportunity to intervene at an 

earlier stage thereby possibly preventing these symptoms.   

 

Aims and outline of the thesis 

The main aim of this thesis was to investigate fatigue and sleep following TBI. To achieve this, 

the following research questions are addressed in this thesis: 

 

1) How can fatigue be assessed objectively following a brain injury? 

2) What are the behavioural and neurobiological underpinnings of fatigue following TBI?  

3) Is daytime physical activity related to sleep and vice versa in people with TBI? 

4) How can the development/course of sleep and fatigue following TBI be examined? 

 

Several experiments were conducted to gain more insight into fatigue and sleep following 

TBI. In chapter 2, it was assessed whether a simple reaction time task could be used as an 

objective measure for fatigue following ABI. In chapter 3, the behavioural underpinnings of 

fatigue were examined by investigating the relationship between subjective effort and fatigue 

and the recovery from task-induced fatigue in people with TBI and healthy controls. In 

chapter 4, the neurobiological underpinnings of fatigue were assessed by examining changes 

in resting-state functional connectivity with task-induced fatigue between people with TBI 

and controls and the association with the subjective experience of fatigue. In chapter 5, the 

day-to-day bidirectional relationships between physical activity and sleep following TBI were 

assessed. In chapter 6, the protocol of a follow-up study examining the development of sleep 

problems and fatigue following TBI using a biopsychosocial model is described. Finally, in 

chapter 7 the main findings of the studies were summarized and discussed, including 

recommendations for future research.   
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Abstract 

Objective: Evaluate construct validity of Psychomotor Vigilance Test performance for 

measuring fatigue in people with acquired brain injury.  

Design: Observational cross-sectional study. 

Participants: Fifty-four people with acquired brain injury and 61 healthy controls. 

Methods: Participants performed the Psychomotor Vigilance Test and reported momentary 

fatigue before and after this test and general fatigue. Associations between performance and 

fatigue in patients were tested by correlational and hierarchical multiple linear regression 

analyses controlling for sleep quality, daytime sleepiness, and mood.  

Results: Patients performed worse on the test compared with controls. Within the patient 

group, worse test performance was associated with increases in momentary post-test fatigue 

and general fatigue, indicating convergent validity but also with daytime sleepiness, and 

mood complaints, indicating a lack of divergent validity. When controlling for sleepiness and 

mood, the association between performance and general fatigue was no longer significant, 

whereas the association between performance and post-test fatigue remained. 

Conclusions: Performance on the Psychomotor Vigilance Test cannot be used as a specific 

measure for fatigue but it appears to be a more general measure of severity of symptoms 

including fatigue, mood, and sleepiness. Therefore, the Psychomotor Vigilance Test may be a 

useful measure to examine the effects of interventions aimed at reducing these symptoms. 

 

Keywords: Psychomotor Vigilance Test; Fatigue; Brain injuries; Sleepiness; Mood; Construct 

validity. 
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Introduction 

Fatigue is a prevalent and disabling symptom following acquired brain injury (ABI).1,2 Fatigue 

may be a direct consequence of the brain injury (primary fatigue) but it can also be provoked 

by other symptoms related to the injury such as mood or sleep disturbances (secondary 

fatigue).3 Furthermore, fatigue following ABI is often associated with depressive mood and 

daytime sleepiness,3 and may negatively impact recovery and quality of life.1  

Assessment of fatigue is commonly based on self-report; however, accurate self-

report may be complicated in people with ABI due to language and cognitive problems.4 

Moreover, fatigue itself is multidimensional, and different factors, such as mood, medication, 

and pain may influence fatigue,1 making it difficult to measure subjective fatigue in a 

quantitative way. Therefore, additional objective measures are needed to evaluate fatigue in 

the ABI population.4 The few objective methods available, such as electroencephalography, 

are often impractical and too time-consuming for clinicians to use. Measuring fatigue using a 

simple and fast-to-administer cognitive task, such as the Psychomotor Vigilance Test (PVT), 

may therefore be more suitable in clinical settings.5  

The PVT is a simple reaction time (RT) task that measures sustained attention to visual 

or auditory stimuli.6,7 It is one of the best-validated and most widely used measures for 

sleepiness-related sustained attention deficits.7-9 Two studies found that PVT performance 

was impaired in participants with ABI, compared with healthy controls (HC).8,9 Interestingly, 

these differences were no longer significant when controlling for feelings of fatigue, while 

some of the differences remained when controlling for feelings of sleepiness or sleep 

quality.8,9 This indicates that performance differences between these groups were more 

associated with fatigue than sleepiness. Therefore, PVT performance may be a useful 

objective measure for fatigue after ABI. 

Even though fatigue often occurs in conjunction with sleepiness, these are distinct 

concepts with different treatment options.10 Therefore, to evaluate fatigue using the PVT, it 

is important to differentiate the unique contributions of fatigue and sleepiness on PVT 

performance. This differentiation is lacking in most studies. Furthermore, it is known that 

these symptoms are associated with depression and anxiety, frequently experienced 

following ABI.3,11 Therefore, to examine whether PVT performance can be used as an 

objective measure of fatigue in people with ABI, the current study aimed to determine 
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whether general and momentary fatigue contribute to PVT performance, after controlling for 

mood, daytime sleepiness, and sleep quality.  

In line with previous research,8,9 it was expected that participants with ABI would 

show performance deficits in the PVT compared with HC. To evaluate the construct validity 

of the PVT for measuring fatigue in people with ABI, it was hypothesized that PVT 

performance within the ABI group would correlate significantly with general and momentary 

fatigue scores (convergent validity) and that associations with daytime sleepiness, mood, and 

sleep quality would be weak (divergent validity). Finally, it was hypothesized that associations 

between PVT performance and fatigue in participants with ABI would remain significant after 

controlling for these other constructs. 

  

Methods 

Participants 

Participants were individuals with a history of ABI recruited from an outpatient rehabilitation 

unit at Zuyderland Medical center, the Netherlands, or as part of their involvement in a larger 

follow-up study examining sleep and fatigue following traumatic brain injury (TBI) in the 

period from November 2017 until September 2019.12 ABI was confirmed by a neurologist 

using imaging data and/or injury characteristics including loss of consciousness, post-

traumatic amnesia and behavioral symptoms. This information was used to classify TBI as mild 

or moderate-severe using the Mayo classification system.13 Participants were referred to the 

study by a neurologist, rehabilitation doctor, or neuropsychologist. Inclusion criteria were: 

history of ABI and age between 21 and 70 years. Exclusion criteria were: a neurological 

condition other than ABI, and a current diagnosed mental disorder based on clinical 

judgment.  

The PVT data of HC (n=61) from three previous studies conducted at Maastricht 

University under similar circumstances14-16 were used for comparison with ABI participants. 

HC were selected to match age since age is known to affect PVT performance.17 Exclusion 

criteria were history of a neurological disorder or psychiatric illness, history or current drug 

or alcohol abuse, and current use of psychoactive medication based on self-report and 

medical examination. 
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Procedure for participants with acquired brain injury  

The study protocol was approved by the Ethics Review Committee Psychology and 

Neuroscience of Maastricht University (ERCPN-177_15_03_2017). All participants provided 

written informed consent before study enrollment. Participation consisted of one visit at the 

hospital, university, or participant’s home. During this visit, participants first completed 

questionnaires measuring their general feelings of fatigue, sleepiness, sleep quality, and 

mood. Next, the PVT was administered. Immediately before and after the PVT, participants 

completed a visual analogue scale for fatigue (VAS-f) to measure momentary fatigue. The 

duration of the visit was approximately 30 minutes. Visits were scheduled at participant’s 

convenience between 9:00 h and 17:00 h on a weekday. 

  

Assessments 

Psychomotor vigilance test A computer-based version of the 10-min visual PVT was used for 

both groups.6 Participants were instructed to monitor a screen and respond by pressing a 

button with their dominant hand as soon as a number counting up from 0 was seen. This 

stopped the counter and displayed the RT in milliseconds (ms). The inter-stimulus interval 

varied randomly from 1,400 to 9,400 ms. The PVT has good psychometric properties.18,19  

Mean inverse RT (1/RT) was used as the primary outcome parameter since it 

decreases the contribution of long lapses. To calculate 1/RT, each RT (ms) was divided by 

1,000 and then reciprocally transformed.7  Number of lapses (RT≥500ms) was used as a 

secondary outcome parameter. To normalize data, number of lapses were transformed using 

the square root formula (√x+√(x+1)).8 Other outcome measures, used only for comparisons 

with HC, were mean RT, median RT, 10% slowest 1/RT, and time on task RT decrements.7  

RTs ≤100ms and ≥10,000ms were considered invalid and not included in calculations, 

since these probably include premature responses and misses.7 Since no practice trial was 

included in the study, RTs of the first five stimuli were excluded from the analysis to minimize 

habituation effects. To examine time on task decrements, 1/RT was averaged per minute (i.e. 

blocks of 9-10 stimuli). 

  

Validating instruments. A Dutch version of all questionnaires was available and all 

questionnaires have been used previously in the Dutch ABI population. 
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General fatigue. General feelings of fatigue were assessed with the Fatigue Severity Scale 

(FSS).20 The FSS measures the impact of fatigue on activities of daily living and distress caused 

by fatigue. It includes 9 items related to fatigue, which are rated on a 7-point Likert scale. 

Scores range from 1 to 7 and a mean score of  ≥4 indicates severe fatigue.20 The FSS has good 

psychometric properties.20 In people with ABI a high internal consistency was found 

(Cronbach’s α: 0.90)21 and test-retest reliability of the FSS is satisfactory (Intraclass correlation 

coefficient: 0.82).22 The FSS can distinguish levels of fatigue in brain-injured participants from 

that of controls.23 

 

Momentary fatigue. Momentary fatigue was measured with a 100-mm horizontal VAS-f 

before (VASpre) and after (VASpost) the PVT.23 The left-hand end of the line represented 

‘absolutely no fatigue’ and the right-hand end ‘most severe fatigue imaginable’ with no 

intermediate divisions or descriptive terms. Scores range from 0 to 100, with higher scores 

indicating more fatigue. Participants are instructed to rate their fatigue intensity over the 

previous five minutes. The VAS-f has been used in previous studies with participants with 

ABI11,23,24 and was found to be valid and reliable.25 

 

Sleep quality. Subjective sleep quality was assessed with the Pittsburgh Sleep Quality Index 

(PSQI).26 The PSQI contains 19-items, providing a global score ranging from 0 to 21. Higher 

scores indicate poorer sleep quality with a global score >5  indicating poor sleep quality.26 The 

PSQI has reliable psychometric properties26 and has been used in participants with ABI.8,9,27 

Daytime sleepiness. Daytime sleepiness and sleep propensity were assessed with the Epworth 

Sleepiness Scale (ESS).28 The ESS consists of 8 items, with scores range from 0 to 24 and a 

score of ≥10 indicates clinically significant sleepiness.28 The ESS is widely used in ABI 

research9,24,27 and has good reliability.29 

     

Mood. Mood was assessed with the Hospital Anxiety and Depression Scale (HADS).30 The 

HADS consists of 14 items and includes two subscales for anxiety and depression. Total scores 

range from 0 to 42 with higher scores indicating a higher intensity of symptoms. Scores on 

the subscales range from 0-21 and a score of ≥8 is an indicator of depression or anxiety.31 The 

HADS is a reliable measure and has been validated in the ABI population.31 
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Statistical analysis 

To achieve a power of 0.8, with α set to 0.05 and a medium to large effect size (f²=0.25) for a 

multiple regression analysis with 4 predictors the required sample size was 53 participants.32 

Differences between participants with ABI and HC were analyzed using independent-sample 

t-tests (or Welsh t-test in case of unequal variance) for age and PVT parameters, and a χ2 test 

for sex distribution. To compare the slope of the time-on-task effect between groups, RTs per 

minute were analyzed using multilevel linear models. Construct (convergent/divergent) 

validity was evaluated by examining the association between PVT performance (1/RT, 

transformed lapses) and subjective measures of fatigue (FSS, VAS-f), and with measures of 

daytime sleepiness (ESS), mood (HADS) and sleep quality (PSQI), using Pearson’s correlation 

coefficients (r, two-tailed). The same analysis was used to examine associations between 

general fatigue (FSS) and daytime sleepiness, mood, and sleep quality. Correlations were 

considered high when r > 0.5 and moderate when r > 0.3.33  In addition, multilevel linear 

models were used to examine the effect of fatigue on the slope of the time-on-task effect.  

To examine whether fatigue was associated with PVT performance (1/RT) after 

controlling for mood and sleepiness, hierarchical multiple linear regression analyses were 

used. General fatigue (FSS) and momentary fatigue following the PVT (VASpost) were 

examined separately. A stepwise forced entry regression was used in which fatigue was 

entered first (model 1), followed by mood (HADS, model 2), daytime sleepiness (ESS, model 

3), and sleep quality (PSQI, model 4) to examine whether fatigue still contributes to the PVT 

outcome when controlling for sleep. Statistical significance was set at 0.05. Statistical analyses 

were performed with IBM SPSS version 25. 

  

Results 

Group characteristics 

Demographic characteristics of the ABI and control groups are presented in Table 1. A total 

of 54 participants with ABI (33 males, 21 females), age range  21-70 years participated, and 

61 HC (36 males, 25 females) aged between 24 and 74 years old were included from historical 

datasets. HC did not differ in age or gender from the participants with ABI. The control group 

was more highly educated compared with the ABI group. Data about living situation and 

employment of the control group was missing. In the ABI group, time since injury ranged from 

60 days to 35 years. Forty participants reported a TBI, 12 experienced a stroke and two had 
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another type of ABI. Of the stroke participants, ten (83%) experienced an ischemic stroke and 

two (17%) a haemorrhagic stroke. The main causes of injury in the TBI group were traffic 

accidents (n=25) and falls (n=15). The severity of TBI was moderate-severe in 35 (87,5%) 

participants and mild in five (12,5%) participants.13 Scores on the questionnaires of the ABI 

group are presented in Table 2. 

 

 

Psychomotor Vigilance Test 

Comparison between participants with ABI and HC. Participants with ABI had significantly 

longer mean RTs, more lapses, and longer 10% slowest 1/RT compared with HC (Table 3). 

Analysis of time-on-task effects on 1/RT showed significant decrement in performance as the 

task progressed (F(1, 145.2)= 14.2, p < .01), but no significant interaction with group was 

found (F(1, 256.7)= 0.01,  p = .90). Thus, there was no difference in vigilance decrement 

between participants with ABI and controls. 

Table 1. Demographics of participants with acquired brain injury (ABI) and health controls (HC). 

Characteristic ABI (n=54) HC (n=61) p-value 

Age, years,  mean (SD) 48.9 (13.1) 46.7 (15.9) .42 

Gender, male, n (%) 33 (61.1) 36 (59.0) .82 

Years of education,  mean (SD) 14.6 (2.4) 16.7 (1.7)a <.001 

Living independent, n (%) 51 (94.4) - - 

Employed at the time of the study, n (%) 24 (44.4) - - 

Months since injury,  mean (SD) 35.6 (79.0) - - 
an=39. SD: standard deviation.  

Table 2. Self-reported fatigue, sleep, and mood variables of the participants with acquired brain 

injury (ABI, n=54) 

Characteristic Scores Clinical cut-off, N (%) 

VAS-f pre PVT, median (IQR)  33.0 (41.5)  

VAS-f post PVT,  median (IQR)   47.9 (43.75)  

Fatigue severity scale, median (IQR)   4.67 (2.28) ≥ 4 38 (70.4) 

Epworth Sleepiness Scale, median (IQR)   7.0 (6.0) ≥ 10 20 (37.0) 

Pittsburgh Sleep Quality Index, median (IQR)    6.0 (4.0) > 5 30 (55.6) 

HADS - Total score, median (IQR) 12.0 (11.0)   

HADS – Depression, median (IQR) 6.5 (6.25) ≥ 8 21 (38.9) 

HADS – Anxiety, median (IQR) 6.0 (6.25) ≥ 8 21 (38.9) 

VAS-f, visual analogue scale fatigue; PVT, psychomotor Vigilance Test. HADS, Hospital Anxiety and 

Depression Scale; IQR, Interquartile range. 
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Construct (convergent/divergent) validity. Moderate to high correlations were found between 

performance on the PVT, as measured by 1/RT and lapses, and levels of fatigue, as measured 

by the FSS, VASpre, and VASpost, indicating convergent validity (Figure 1; Table 4). PVT 

performance also showed moderate to high correlations with daytime sleepiness and mood, 

as measured by the ESS and HADS, respectively (Table 4), indicating a lack of divergent 

validity. There was no correlation between PVT performance and sleep quality, measured by 

the PSQI (Table 4). The time-on-task decrement in 1/RT in ABI participants did not increase 

with higher levels of fatigue, as measured with the FSS (F(1, 127.1)= 0.01, p= .90) and VASpost 

(F(1, 126.8)= 1.68,  p= .20). Fatigue as measures with the FSS showed moderate to high 

correlations with daytime sleepiness (ESS, r: 0.61 p< .001), mood (HADS, r: 0.57 p< .001) and 

sleep quality (PSQI, r: 0.46 p< .001). 

 

 

 

 

 

 

 

Table 3. Psychomotor Vigilance Test outcome parameters for participants with acquired brain 

injury (ABI, n=54) and healthy controls (HC, n=61). 

 ABI group  

Mean (SD) [95% CI] 

Control group 

Mean (SD) [95% CI] 

p-value 

Reaction time    

 1/RT 3.39 (0.62) [3.22-3.56] 3.78 (0.42) [3.68-3.90] < .01 

 Mean 321 (78) [300-342] 280 (39) [270-290] < .01 

 Median reaction time 306 (72) [286-326] 263 (29) [255-270]   < .01 

 Mean slowest 10% 1/RT  2.32 (0.62) [2.16-2.49] 2.58 (0.54) [2.44-2.71] .02 

Lapses    

 SQRT # 3.93 (3.61) [2.95-4.92] 2.44 (1.66) [2.01-2.86] < .01 

 Number # 6.67 (12.59) [3.23-10.10] 1.79 (3.09) [1.00-2.58] < .01 

 RT, reaction time; 1/RT, inverse reaction time; 95% CI, 95% confidence intervals; SD, standard 

deviation. 
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Figure 1. Relationship (a) between general fatigue and inverse reaction time (1/RT) on the 

Psychomotor Vigilance Test with 95% confidence intervals (95% CI) and (b) between momentary 

fatigue and 1/RT  with 95% confidence intervals (95% CI). Note: Due to transformation, higher 

transformed reaction time (RT) values represent faster reaction times

Table 4. Correlations (r) between Psychomotor Vigilance Test outcome parameters and fatigue, 

sleep and mood questionnaires for participants with acquired brain injury (ABI) (n=54). 

 

1/RT  Transformed lapses 

r p-value  r p-value 

VASpre -.39 <.01  .31 .02 

VASpost -.51 <.01  .36 <.01 

Fatigue Severity Scale -.51 <.01  .44 <.01 

Epworth Sleepiness Scale -.59 <.01  .59 <.01 

Pittsburgh Sleep Quality Index -.27 .05  .25 .07 

HADS -.47 <.01  .46 <.01 

HADS - Depression -.41 <.01  .43 <.01 

HADS - Anxiety -.41 <.01  .39 <.01 

 1/RT, inverse reaction time; VAS, visual analogue scale for fatigue; HADS, Hospital Anxiety and 

Depression Scale. Due to transformation, higher transformed reaction times values represent 

faster reaction times. 
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Hierarchical multiple linear regression. Table 5 shows the results of the hierarchical multiple 

linear regression analyses using 1/RT as dependent variable with the focus on general fatigue 

measured with the FSS and the focus on momentary fatigue post-PVT measured with VAS-f. 

In the model focusing on general fatigue, when including the HADS, significant associations 

between FSS and 1/RT remained (model 2). After adding the ESS (model 3), the association 

between FSS and 1/RT did no longer remained. The final model (model 4) including FSS, HADS, 

ESS and PSQI showed that ESS and HADS were the only significant individual predictors of 

1/RT. The full adjusted model (model 4) explained 40% of the variance in 1/RT (F4, 50= 9.98, p< 

.01). In the model focusing on momentary fatigue, when including the HADS, significant 

associations between VASpost and 1/RT remained (model 2). The final model including 

VASpost, HADS, ESS and PSQI showed VASpost, HADS and ESS were all significant predictors 

of 1/RT. The full adjusted model explained 48% of the variance in 1/RT (F4, 50= 13.41, p< .001). 

 

 

Table 5. Results of hierarchical multiple linear regression analysis of the relationship between 

mean inverse reaction time (1/RT) and general fatigue or momentary fatigue in participants with 

acquired brain injury (ABI, n=54). 

General fatigue  

 R² Adjusted 

R² 

F p-value  Variables Standardized 

β 

p-value 

Model 1 0.26 0.25 18.60 <.01 Fatigue Severity Scale -0.51 <.01 

        

Model 2 0.31 0.28 11.38 <.01 Fatigue Severity Scale -0.37 .01 

     Hospital Anxiety and 

Depression Scale 

-0.26 .07 

        

Model 3 0.42 0.39 12.15 <.01 Fatigue Severity Scale -0.12 .44 

     Hospital Anxiety and 

Depression Scale 

-0.23 .08 

     Epworth Sleepiness 

Scale 

-0.43 <.01 

        

Model 4 0.45 0.40 9.98 <.01 Fatigue Severity Scale -0.12 .42 

     Hospital Anxiety and 

Depression Scale 

-0.36 .02 

     Epworth Sleepiness 

Scale 

-0.47 <.01 

     

 
 

Pittsburgh Sleep 

Quality Index 

0.22 .13 
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Momentary fatigue  

 R² Adjusted 

R² 

F p-value  Variables Standardized 

β 

p-value 

Model 1 0.26 0.24 17.90 <.01 VASpost -0.51 <.01 

        

Model 2 0.38 0.35 15.31 <.01 VASpost -0.41 <.01 

     Hospital Anxiety and 

Depression Scale 

-0.36 <.01 

        

Model 3 0.49 0.46 16.27 <.01 VASpost -0.31 <.01 

     Hospital Anxiety and 

Depression Scale 

-0.23 .04 

     Epworth Sleepiness 

Scale 

-0.39 <.01 

        

Model 4 0.52 0.48 13.41 <.01 VASpost -0.31 <.01 

     Hospital Anxiety and 

Depression Scale 

-0.36 <.01 

     Epworth Sleepiness 

Scale 

-0.44 <.01 

     Pittsburgh Sleep 

Quality Index 

0.23 .09 

VASpost, visual analogue scale for fatigue administrated after the Psychomotor Vigilance Test; FSS, 

Fatigue Severity Scale; HADS, Hospital Anxiety and Depression Scale; ESS, Epworth Sleepiness 

Scale; PSQI, Pittsburgh Sleep Quality Index. 

 

 

Discussion 

The main objective of the present study was to examine the contribution of fatigue to PVT 

performance of people with ABI in order to examine whether the PVT can be used as an 

objective measure of fatigue in these individuals. Results showed that PVT performance was 

worse in participants with ABI compared with HC. In line with the study hypothesis, 

performance deficits in participants with ABI were associated with increased levels of fatigue 

indicating convergent validity. However, divergent validity was poor since PVT performance 

in people with ABI was also associated with mood and daytime sleepiness, and when 

controlling for these factors, the association between general fatigue and PVT performance 

was no longer significant. Nevertheless, the association between momentary fatigue 

following the PVT and PVT performance remained when controlling for daytime sleepiness 

and mood. 
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Contrary to our expectations, general fatigue no longer predicted PVT performance 

after controlling for mood, daytime sleepiness, and sleep quality. In this model, daytime 

sleepiness and mood were the only independent predictors of PVT performance. It was 

expected that general fatigue would partly explain the performance deficits found in 

participants with ABI because previous research suggested that PVT performance seemed 

mostly affected by fatigue when comparing participants with ABI with controls.8,9 In the 

current study within a group of people with ABI, a strong association with sleepiness was 

found, similar to studies in healthy volunteers.7 Therefore, fatigue may adequately 

differentiate PVT performance between patients and controls, but might not be the best 

variable to differentiate performance within individuals with ABI.  

Although momentary fatigue was still associated with PVT performance when 

controlling for mood, sleepiness, and sleep quality, it was not unique. Sleepiness and mood 

were also independent predictors of PVT performance. Fatigue can be either a primary brain-

injury induced symptom, but it can also occur in reaction to the injury.3 The same is true for 

sleep problems and depressive symptoms. It is very difficult to disentangle these primary and 

secondary symptoms, especially in a cross-sectional study, such as this. Taken together, we 

conclude that the PVT cannot be used to specifically measure only fatigue in people with ABI. 

Performance on the PVT seems to be a more general measure of fatigue, and symptoms often 

concurring with fatigue such as depression and daytime sleepiness in people with ABI. 

Therefore, the PVT might be used to assess changes or improvement in these symptoms 

following ABI. However, more research is necessary to evaluate the validity of PVT 

performance as a measure of fatigue and fatigue-related symptoms. 

Decrements in performance with time-on-task can be due to fatigue.34 In the current 

study, there was a decrement in performance with time-on-task in both the ABI and control 

groups. However, this decrement did not differ between groups and was not associated with 

the level of fatigue in participants with ABI. In contrast, overall response speed, as measured 

by 1/RT, did differ between groups, and was associated with levels of fatigue in participants 

with ABI. These results are in line with previous findings35 and support the idea that people 

with ABI might be slower in general, but not necessarily show progressive slowing during task 

performance.8,36 

To examine whether the results were driven by participants who reported the most 

symptoms, the data were reanalysed, excluding the 20% highest scores on the HADS and 
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again excluding the 20% highest score on FSS. This did not change the results, suggesting that 

the results are not driven by poor performance or over-reporting of symptoms. 

For future research, it would be of interest to examine PVT performance in people 

with ABI over time after injury and determine how mood, fatigue, and sleepiness are related 

to PVT performance at different time points. Since mood complaints have been shown to 

develop later in the disease process following ABI and have shown to be associated with 

reports of fatigue earlier in the disease process, there may be an indication that fatigue 

contributes to secondary mood complaints following ABI.3 Therefore, PVT performance may 

be more strongly related to fatigue early in the disease process compared with later in the 

disease process when secondary mood complaints might develop. Furthermore, future 

research could examine how a fatigue-inducing experience, such as a lengthy test battery, 

affects PVT performance, to evaluate the validity of the PVT as a measure of momentary or 

task-related fatigue. It might be interesting to explore this with the brief 3- or 5-min version 

of the PVT. A quick and easy-to-administrate test, such as the PVT, which could measure 

momentary/task-related fatigue, would allow for a broader understanding of how fatigue 

might influence cognitive functioning and daily activities. 

 According to the COnsensus-based Standards for the selection of health Measurement 

INstruments Risk of Bias (COSMIN-RoB) checklist37 the methodological quality of this study to 

test construct validity of the PVT for measuring fatigue in people with ABI, can be considered 

as very good. PVT outcomes were compared with the FSS and VAS-f, which are well-validated 

measures of fatigue and have been used previously in a Dutch-speaking population of people 

with ABI.38,39 To test the hypothesis that PVT outcomes correlate more highly with the FSS 

and VAS-f (convergent validity) than with measures of other frequently co-occurring 

complaints (divergent validity), specifically sleep quality (PSQI) daytime sleepiness (ESS), and 

anxiety and depression (HADS), Pearson’s correlations were conducted. 

 

Study limitations  

This study has some limitations. First, the study did not differentiate between physical and 

mental fatigue, although this is recommended by previous studies examining fatigue in 

people with ABI.2 Research in patients with obstructive sleep apnea and HC showed a 

relationship between physical fatigue and PVT lapses but found no relationship between 

mental fatigue and PVT outcome measures.40 Future research should, therefore, examine 



Measuring fatigue using the PVT after ABI 

33 
 

whether certain aspects of fatigue may relate better to specific outcome measures of the PVT 

and whether the PVT could be utilized to quantify different aspects of fatigue in individuals 

with ABI.  

Secondly, data about living situation and employment was missing from the control 

group, therefore groups could not be compared on these variables. However, previous 

research shows that PVT performance is mostly affected by age and gender, which was 

comparable between the groups.17 Furthermore, there was heterogeneity in the ABI sample 

with different causes of brain injury, diverse time since injury, variability in injury severity, 

and a broad age range. However, we consider that this reflects everyday clinical practice. 

Injury severity may contribute to PVT performance, given its association with processing 

speed and attention.41 Moreover, multiple studies have indicated a relationship between age 

and PVT performance, with elderly subjects showing longer RTs than younger subjects.17 

However, none of these variables were related to PVT outcome measures in this study (not 

reported). In addition, multiple studies did not find a relationship between injury 

characteristics such as injury severity and time since injury, and PVT performance in 

participants with ABI.8,9 Furthermore, this heterogeneity in our ABI group indicates that the 

PVT could be used as a measure of fatigue and other symptoms such as mood and sleepiness, 

in a wide variety of people with ABI and may, therefore, be useful in the clinic.  

Finally, even though fatigue and sleepiness are distinct concepts, they often occur 

together and are frequently seen as the same concept by the general public.24 It is possible 

that much of the variance in PVT performance is shared by fatigue and sleepiness and that, 

therefore, general fatigue no longer predicted PVT performance when controlling for daytime 

sleepiness. The results indicate a strong association between the sleepiness and general 

fatigue questionnaires. Future studies including objective measures of daytime sleepiness 

could explore this relationship and differentiate fatigue from daytime sleepiness. 

 

Conclusion  

In conclusion, PVT performance is not exclusively associated with fatigue, but also shows 

strong associations with mood and daytime sleepiness. The PVT may therefore be a useful 

measure to examine the effects of interventions aimed at reducing fatigue or other 

symptoms. 
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Abstract 

Objective: This exploratory case-controlled study examined whether the same amount of 

effort leads to similar feelings of fatigue and whether feelings of fatigue resolve at the same 

rate in people with traumatic brain injury (TBI) compared to controls. 

Methods: Twenty people with TBI and 20 healthy controls completed an adaptive N-back task 

to induce fatigue and reported mental effort upon task completion and state-fatigue pre-task 

and several times during 30-minutes after the task. Task difficulty adapted to performance 

allowing both groups to invest substantial amounts of mental effort. 

Results: Fatigue and effort levels were higher in TBI participants compared to controls. 

Multiple linear regression analyses showed that effort was positively related to post-task 

fatigue and this relationship did not differ between groups. Multilevel models showed no 

difference in the recovery of fatigue between the TBI and control group. 

Conclusions: Excessive feelings of fatigue following TBI could not be explained by a higher 

vulnerability to the fatigue-inducing effects of mental effort or slower recovery from fatigue 

in people with TBI compared to controls. Fatigue might be more related to the complex 

demands of everyday life however, further research is needed to understand fatigue 

following TBI and how interventions can be targeted. 

 

Keywords: fatigue; mental effort; traumatic brain injury; recovery 
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Introduction 

Many people with traumatic brain injury (TBI) experience cognitive problems and report 

excessive feelings of fatigue.1 These feelings of fatigue are associated with poorer social, 

physical, cognitive, and general functioning.2 Furthermore, fatigue is a risk factor for 

emotional difficulties in the long term and has been associated with sleep disturbances.3 In 

addition, relationships between fatigue and injury-related factors (such as time since injury, 

injury severity), psychosocial factors (such as age, employment), or lifestyle (caffeine use, 

exercise) have been reported in some studies.1,2 Especially, mental fatigue, which is described 

as insufficient energy reserves to perform everyday mental activities, is a dominating factor 

that limits people with TBI to lead a normal life including work and social activities.4,5  

Mechanisms underlying fatigue following TBI are still poorly understood. Existing 

theories assume that fatigue following TBI is directly or indirectly related to increased effort 

needed to perform the task. Van Zomeren and colleagues were the first to suggest that 

fatigue following TBI might be related to effort to overcome cognitive impairment:6 people 

with brain injury need more effort to perform tasks compared to pre-injury and people 

without brain injury.6-8 Recent neuroimaging studies propose that fatigue following TBI is 

related to a dysfunction in the corticostriatal pathway involved in motivational processing.9-

12 Previous studies have demonstrated significant relationships between performance and 

effort,13,14 and between performance and fatigue in people with TBI.7,8,15,16 The one study that 

did directly examining the relationship between effort and fatigue found a positive correlation 

between effort and trait fatigue in people with TBI.7 However, this study did not examine 

state fatigue, which is the experience of fatigue at a particular moment. Nor did they compare 

this relationship between effort and fatigue in people with TBI to that of healthy controls (HC) 

to examine whether similar levels of effort would result in similar or higher levels of fatigue 

in individuals with TBI compared to HC.  

Fatigue following TBI could also be due to slowness in recovery following a mentally 

exhausting task resulting in longer duration and accumulation of fatigue.4,17 People with TBI 

estimated hours to several days to recover fully from mental exhaustion contrary to HC who 

reported one hour or less.17,18 This suggests that the rate of alleviation of post-task fatigue is 

slower in people with TBI compared to HC. This effect has been found in other neurological 

disorders such as multiple sclerosis.19 However, to the authors’ knowledge, there have been 
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no studies examining the recovery curve of fatigue following mental exhaustion in people 

with TBI. 

This exploratory study, therefore, examined the relationship between subjective 

mental effort and state fatigue, and whether feelings of fatigue resolve at the same rate in 

people with TBI and controls. To explore our hypotheses we needed a task that allows people 

with TBI and controls to invest substantial amounts of effort, and that induces fatigue in both 

groups. This could be achieved by a task that adjusts workload or difficulty to the performance 

of the person, such as an adaptive N-back task.20 This working memory task adjusts difficulty 

(n-back level) to accuracy of performance of the participant. We hypothesized that the same 

amount of effort in people with TBI and HC would lead to similar levels of fatigue in both 

groups, indicating a similar relationship between effort and fatigue in both groups. In 

addition, we expected that task-induced fatigue would resolve at a slower rate in people with 

TBI compared to HC. 

  

Methods 

Participants 

Participants with TBI were recruited from an outpatient rehabilitation unit at Zuyderland 

Medical center and via an institutional register of prior study participants who gave 

permission to be contacted again for research. A medical doctor referred participants to the 

study and confirmed the TBI. The Mayo classification system was used to classify TBI as mild 

or moderate-severe using imaging data and/or injury characteristics including loss of 

consciousness, post-traumatic amnesia, and behavioral symptoms.21 Inclusion criteria for the 

TBI group were a history of TBI, age between 18 and 75 years, and completion of treatment 

for consequences of the TBI. The HC consisted of healthy age, gender and education matched 

participants. For both groups exclusion criteria were: history of a neurological disorder (for 

TBI group other than TBI), history of a medical disorder that could account for current fatigue 

(such as cancer or sleep disorder), and a current diagnosed mental disorder (such as 

depression or schizophrenia) based on clinical judgment and self-report. Participants were 

recruited between November 2017 and November 2019. 
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Procedure 

The study protocol received university ethics approval (ERCPN-185_04_11_2017). All 

participants provided written informed consent. Participation consisted of one visit of 1.5-2 

hours at the hospital or the university. During this visit, participants completed questionnaires 

measuring their trait fatigue, sleep quality and mood, since fatigue is often associated with 

these symptoms. In addition, participants performed four cognitive tasks that are particularly 

sensitive to cognitive impairments following TBI.22 Next, the N-back was practiced. This was 

followed by the adaptive N-back after which participants rated the amount of effort invested 

in this task using the Rating Scale for Mental Effort (RSME). Participants completed visual 

analogue scales (VAS) to measure their state fatigue immediately before (VASpre), 

immediately after (VASpost), and at 5, 10, 15, 20, and 30 minutes following the adaptive N-

back task since we expected a fast decline in fatigue due to the shortness of the task. During 

these 30 minutes, participants performed an activity of their choice that they experienced as 

relaxing. Participants were informed before the visit about this resting period and could bring 

a book, music, or something else of their liking. Participants were allowed to take breaks when 

necessary. The assessment visit was scheduled at participants’ convenience between 9 am 

and 5 pm on a weekday. Participants were requested to be rested and to consume maximally 

two cups of coffee at breakfast on the testing day, to minimize the effect of caffeine on task 

performance but also prevent withdrawal effects.23 

 

Sample description 

Subjective sleep quality was assessed with the Pittsburgh Sleep Quality Index (PSQI),24 trait 

fatigue with the Fatigue Severity Scale (FSS)25, and mood with the Hospital Anxiety and 

Depression Scale (HADS) which consist of a subscale for anxiety and depression.26 Standard 

scoring of the questionnaires was used leading to mean or sum scores. Cognitive performance 

was measured with four tasks22 including the STROOP,27 Symbol Digit Modality Task (SDMT),28 

Controlled Word Association Task (COWAT),29 Digit Span forward and backward.30 Scores on 

the cognitive tasks were adjusted for age and education of participants and transformed to 

T-scores. 

  



Chapter 3  

44 
 

Main outcome measures 

Visual Analogue Scale for fatigue 

The VAS for fatigue (VAS-f) was used to measure state fatigue (momentary fatigue).31 The 

VAS-f consists of a 100mm horizontal line with the left end representing ‘absolutely no 

fatigue’ and the right end ‘most severe fatigue imaginable’ with no intermediate divisions or 

descriptive terms. Scores range from 0 to 100, with higher scores indicating more fatigue. To 

mask the purpose of the study, five additional VAS scales including frustration, pain, tension, 

happiness, and anger, were administered together with the VAS-f. Participants were 

instructed to rate the intensity of these feelings at that specific moment. The VAS-f has been 

used in previous studies with TBI participants and was found to be valid and reliable.10,11,31 

 

Rating Scale Mental Effort  

Subjective mental effort invested in the N-Back task was assessed with the RSME.32 The RSME 

is a 150-mm vertical visual analogue scale containing nine anchor points with descriptive 

labels ranging from “absolutely no effort” (near 0 mm on the scale), through “rather much 

effort” (at 57 mm on the scale) to “extreme effort” (at 112 mm on the scale). Participants are 

requested to mark the line at the point corresponding to the amount of mental effort it took 

to complete a task. This point is also the score of the RSME. The RSME is a reliable and valid 

scale and has been used in previous studies including people with TBI.13,32,33 

  

Adaptive N-back 

The adaptive N-back task is a working memory task measuring accuracy and reaction time. 

Participants were shown a sequence of letters, one at a time on a computer screen,  and had 

to respond with their middle finger each time the current letter was identical to the one 

presented n positions back in the sequences and with their index finger if the letter was not 

identical, using a button box. The 1-, 2- and 3-back levels were included in the task. The 

adaptive N-back was adjusted from a dual-n-back task of Jaeggi and colleagues20 and 

consisted of 15 blocks and each block consisted of 20+n letters and contained 6 targets and 

14+n non-targets (n stands for the n-back level). After each block, the accuracy of the 

participant’s performance in that block (percentage correct responses) was evaluated to set 

the n-back level of the following block. When the participant had an accuracy of 90% or more, 

the level increased by one (to a maximum 3-back).  When accuracy was 75% or less the level 
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was decreased by one (to a minimum of 1-back). In all other cases, the level stayed the same. 

Task duration was approximately 25 minutes. Participants were not informed that changes in 

n-back levels depended on their performance. By adjusting the difficulty of the task based on 

performance of the participants, we aimed to have high and similar amounts of effort 

invested by all participants and thereby induce fatigue. The mean reaction time and the 

percentage of trials spent in each N-back level, and the overall accuracy over the complete 

task were calculated to compare performance between the TBI and HC group. 

 

Statistics 

Based on a multiple regression analysis with a medium to large effect size (f²=0.30), an alpha 

of 0.05, a power level of 0.8, and 3 predictors (group, effort, and the interaction between 

group and effort) the required sample size is 41 participants, so 21 participants per group.34 

Differences between the TBI and control group in demographic characteristics, 

questionnaire scores, and performance on cognitive tasks and adaptive N-back were 

examined using independent samples t-tests and Chi-square tests or Welch’s t-tests in case 

of unequal variance. 

The associations between effort and fatigue at each time point for the TBI and control 

group were assessed using Pearson correlation coefficients (r, two-tailed). To examine 

whether the association between effort (RSME) and fatigue immediately after the task 

(VASpost) is the same in people with TBI and HC, a multiple linear regression analysis was 

used including VASpost as dependent variable and group (TBI and HC), effort (RSME) and the 

interaction between group and effort as predictors. According to our hypothesis, only effort 

would be a significant predictor of fatigue since the same amount of effort would lead to 

similar levels of fatigue in people with TBI and HC. Since pre-task fatigue (VASpre) was 

different between the groups, the analysis for VASpost was repeated adding the VASpre as 

predictor, to control for the effects of fatigue before the task. 

The recovery from the task-induced fatigue was analyzed using a multilevel linear 

model with a restricted maximum likelihood estimation method and an autoregressive error 

variance structure to take into account that consecutive fatigue observations might be 

correlated more highly than non-consecutive observations.35 This model included group and 

time as predictors and the interaction between group and time to assess group differences in 

the rate of change in fatigue (VAS-f) over time. 
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Statistical analyses were performed with IBM SPSS version 25 (SPSS Inc. Chicago, IL) 

and Statistical significance was set at 0.05. 

 

Results 

Participant characteristics 

One control participant was excluded from the analysis due to self-reported caffeine 

withdrawal symptoms because limited caffeine consumption was requested for the 

experiment. Participant characteristics and scores on the questionnaires and cognitive tasks 

are presented in Table 1. Of the participants with TBI, 70% reported severe levels of fatigue 

(FSS≥ 4). There was no significant difference between the groups in age, gender distribution, 

education, and living situation. Participants with TBI reported worse sleep quality, more 

fatigue, and more emotional symptoms compared to controls. In the TBI group, the causes of 

injury were motor vehicle accidents (n=17) and falls (n=3). Based on the Mayo classification 

25% experienced a mild TBI (n=5) and 75% a moderate-severe TBI (n=15).21 The mean time 

since injury was 7 years (SD= 11.5 years) and ranged from 7 months to 43 years.  

Neuropsychological functioning in participants with TBI was impaired. They 

performed worse on the SDMT, STROOP, and Digit Span forward and their average cognitive 

task score was lower compared to controls. 
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Performance adaptive N-back 

In line with their impaired cognitive functions, the adaptive nature of the n-back task resulted 

in a higher proportion of trials on the less demanding 1-back level (p= .033) in the TBI group 

compared to controls. Conversely, for controls, it resulted also in a higher proportion of trials 

on the more demanding 3-back level (p= .047) compared to the TBI group. Overall percentage 

correct responses in the n-back was similar between groups, but mean response times of 

participants with TBI were longer than controls. The difference was significant on the 1-back 

level (p= .035) but not on the 2-back or 3-back levels (Table S1). There was a negative 

correlation between accuracy score on the adaptive N-back and mental effort (r= -0.5, p= .03) 

and between accuracy and fatigue directly after the task (VASpost; r= -0.5, p= .02) in people 

with TBI. 

Table 1. Demographics, subjective symptomatology, and neuropsychological functioning in TBI and 
control groups. 

 Traumatic brain injury (N=20) Healthy controls (N=19)  

 Mean ±SD N (%) or range Mean ±SD N% or range p-value 

Age 50.5 ±12,8 24-75 51.6 ±11.4 27-74 ns 

Gender (male)  11 (55%)  10 (52.6%) ns 

Years of education 15.1 ±2.1 12-18.5 16.0 ±2.9 8-18.5 ns 

Employed at the 

moment of the study 

 9 (45%)  16 (84.2%) <.05 

PSQI 7.0 ±3.5 1-15 3.9 ±2.3 1-10 <.01 

Clinically significant (>5)  13 (65%)  4 (21.1%)  

FSS 4.7 ±1.4 2.3-7 2.7 ±0.9 1.3-4.7 <.001 

Clinically significant (≥4)  14 (70%)  2 (10.5%)  

HADS - Total score 11.8 ±8.3 1-33 5.6 ±3.4 1-13 <.01 

HADS - Depression 5.7 ±4.4 1-20 1.9 ±2.0 0-7 <.01 

Clinically significant (≥8)  6 (30%)  0 (0%)  

HADS - Anxiety 6.2 ±4.5 0-16 3.7 ±2.2 1-9 <.05 

Clinically significant (≥8)  7 (35%)  2 (10.5%)  

COWAT 41.68 ±9.95 24 – 60 48.63 ±11.82 27 – 70 .054 

SDMT 50.25 ±10.70 30 – 70 63.42 ±9.44 45 - 80 <.001 

STROOP 50.16 ±8.75 23 – 63 61.85 ±9.90 46 – 82 <.001 

Digit Span Forward 46.13 ±9.29 27 – 67 53.13 ±9.65 37 – 74 .027 

Digit Span Backward 46.28 ±11.82 30 – 77 52.55 ±10.40 34 – 70 ns 

Mean Cognitive Score 47.07 ±5.73 35 - 60 56.69 ±7.34 43 – 74 <.001 

TBI, traumatic brain injury; SD, standard deviation; PSQI, Pittsburgh Sleep Quality Index; FSS, Fatigue 

Severity Scale; HADS, Hospital Anxiety and Depression Scale; COWAT, Controlled Word Association 

test; SDMT, Symbol Digit Modality Task. 

Note: Cognitive tasks scores are T-scores adjusted for age and education of the participant. 
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Relationship between effort and fatigue  

Participants with TBI reported significantly higher levels of fatigue (VAS-f) at each time point 

and reported to invest significantly more mental effort (RSME) compared to controls (Table 

2). There was no difference between the groups in task-induced fatigue (VASpost – VASpre). 

Within the TBI group, there were strong positive correlations between RSME and VAS-f at 

each time point (Table 3; Figure 1), so more mental effort was related to higher levels of 

fatigue. There was a trend towards a positive association between RSME and VAS-f directly 

after the task in the control group (Table 3; Figure 1). Thus, in both groups more mental effort 

was related to higher levels of fatigue directly after the task, as can be seen in Figure 1. No 

correlations between RSME and VAS-f were found for the other time points in controls. There 

was no correlation between effort and task-induced fatigue in the TBI or control group (Table 

3). 

Results of hierarchical multiple linear regression analysis examining the association 

between effort (RSME) and fatigue directly after the task (VASpost), showed that only mental 

effort was a significant predictor of VAS-f directly after the task (VASpost; Table 4). As 

expected, group and the interaction between group and effort were not significant predictors 

of VASpost, indicating that fatigue was not higher in people with TBI compared to HC when 

controlling for effort and that there was no difference between groups in the relationship 

Table 2. Effort score and fatigue scores at the different time points for the traumatic brain injury (TBI) 
and healthy control (HC) group. 

 TBI (N=20) HC (N=19) Effect 

size 

 

 Mean ±SD Range Mean ±SD Range Cohen’

s D 

p-value 

RSME 97.0 ±29.5 55-150 70.9 ±15.2 39-90 1.10 t(28.7)= 3.5, p<.01 

Difference VAS 

(VASpost- VASpre)  

12.5 ±18.9 -38-56 9.7 ±20.8 -41-39 0.14 t(37)= 0.4, p= ns 

VASpre 47.2 ±25.4 7-87 20.7 ±20.1 0-70 1.15 t(37)=3.6, p<.01 

VASpost 59.6 ±26.2 12-100 30.4 ±20.5 0-73 1.23 t(37)=3.9, p<.001 

VAS-5min after task  50.5 ±29.8 7-97 16.1 ±14.5 0-51 1.46 t(28.0)= 4.6, p<.001 

VAS-10min after task 48.1 ±28.5 2-92 10.5 ±13.7 0-55 1.65 t(27.9)= 5.3, p<.001 

VAS-15min after task 45.9 ±27.0 0-86 5.3 ±6.9 0-26 2.01 t(21.7)= 6.48, p<.001 

VAS-20min after task 45.4 ±26.4 1-85 6.6 ±8.3 0-26 1.94 t(23.1)= 6.23, p<.001 

VAS-30min after task 41.9 ±26.2 0-81 4.4 ±5.3 0-18 1.94 t(20.7)= 6.28, p<.001 

SD, standard deviation; RSME, Rating Scale Mental Effort; VAS, visual analogue scale fatigue; VASpre, 

VAS before the task; VASpost, VAS directly after the task.  
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between effort and VASpost. The complete model explained 56% of the variance in VASpost 

score.  

When adding the VAS-f before the task (VASpre) to the model, to control for fatigue 

levels before the task, both effort and VASpre were significant predictors of VASpost (Table 

4). Group and the interaction between group and effort were not significant predictors of 

VASpost. The complete model explained 61% of the variance in VASpost. This indicates that 

VASpre was associated with VASpost levels. 

 

Table 3. Correlations between effort and fatigue scores for the traumatic brain injury and healthy 
control group. 

  Traumatic brain injury (N=20) Healthy controls (N=19) 
 

Effort (RSME) Effort (RSME)  
r  p-value r  p-value 

Difference VAS -.05 ns .20 ns 

VASpre .80 <.001 .26 ns 

VASpost .74 <.001 .46 .051 

VAS-5min after task  .80 <.001 .34 ns 

VAS-10min after task .81 <.001 .23 ns 

VAS-15min after task .80 <.001 -.24 ns 

VAS-20min after task .77 <.001 -.06 ns 

VAS-30min after task .78 <.001 -.07 ns 

RSME, Rating Scale Mental Effort; VAS, visual analogue scale fatigue; VASpre, VAS before the task; 

VASpost, VAS directly after the task. 
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Table 4. Results of hierarchical multiple linear regression analysis of the relationship between effort 
and fatigue, including the effect of group (traumatic brain injury and healthy controls) and the 
interaction between effort and group. 

Fatigue following the task   

 R² Adjust

ed R² 

F p-value Variables Standardized β 

[95% CI] 

f² p-value 

Model 1 0.59 0.56 25.42 <.001 RSME 0.60 [0.03 – 1.20] 0.06 <.05 

     Group 0.23 [-2.12 – 27.49] 0.04 ns 

     RSME*group 0.03 [-0.61 – 0.69] 0.0002 ns 

Fatigue following the task, controlled for fatigue before the task   

 R² Adjust

ed R² 

F p-value Variables Standardized β 

[95% CI] 

f² p-value 

Model 1 0.65 0.62 21.31 <.001 VASpre 0.38 [0.07 – 0.73] 0.07 <.05 

     RSME 0.46 [-0.08 – 1.04] 0.03 ns 

     Group 0.14 [-7.08 – 22.00] 0.01 ns 

     RSME*group -0.08 [-0.72 – 0.53] 0.001 ns 

95% CI, 95% confidence interval; VASpost, visual analogue scale fatigue directly after the task; VASpre, 

visual analogue scale fatigue before the task; RSME, Rating Scale Mental Effort.  

Figure 1. Relationship between effort and fatigue following the task for TBI 

participants (black circles) and controls (white triangles), including the 95% 

confidence intervals.  VASpost, visual analogue scale fatigue immediately 

after the task; RSME, rating scale mental effort.  
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Recovery from fatigue 

Fatigue scores from one control participant at 10, 15, 20, and 30 minutes after the task were 

missing since this participant had to leave for reasons unrelated to the study. The multilevel 

model examining the recovery of fatigue, using the VAS-f scores at the different time points, 

showed a significant effect of time (β(95% CI): -0.76(-1.07 – 0.44), p< .001) and group (β(95% 

CI): 31.32(17.51 – 45.13), p< .001). These results indicate that fatigue declined over time and 

that fatigue scores were higher in participants with TBI compared to controls (Figure 2). 

However, no significant interaction between time and group was found (β(95% CI): 0.22 (-

0.22 – 0.66), p= .32). Thus, there was no difference in the rate of decline in fatigue between 

groups, which is also displayed in the parallel lines of Figure 2. 

 

 

 

 

Figure 2. Levels of fatigue before and following the task, showing the task-

induced increase and decrement in fatigue during rest for TBI participants 

(circles, solid line) and controls (triangles, dashed line) with 95% confidence 

intervals (grey area). 

VAS-f, visual analogue scale fatigue; PreTask, before the task; PostTask, 

immediately after the task.   
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Discussion 

This exploratory study examined the relationship between momentary fatigue and mental 

effort, and the recovery from task-induced fatigue in individuals with TBI. Mental effort was 

a significant predictor of fatigue directly following the task, independent of group. This is in 

line with our hypothesis that more mental effort invested in the task was associated with 

higher levels of fatigue following the task in both groups. In addition, it implies a similar 

association between effort and fatigue in people with TBI and HC.  Unexpectedly, there was 

no significant difference in the recovery curve of fatigue, and in both groups, fatigue scores 

declined over time during the rest period. However, levels of fatigue remained higher in 

participants with TBI compared to controls. 

More mental effort was associated with higher fatigue levels directly after the task. 

This relationship between effort and fatigue following the task is in line with our hypothesis 

and with existing theories about fatigue following TBI.6 The moderate negative relationship 

between the accuracy score on the adaptive N-back and mental effort and accuracy and 

fatigue in people with TBI, supports the assumption that fatigue following TBI is related to 

decreased cognitive capacity and increased effort needed to perform a task. The relationship 

between effort and fatigue did not differ between groups, since there was no interaction 

between effort and group. This could be interpreted as no higher vulnerability to the fatigue-

inducing effects of effort in people with TBI.  

When adding fatigue before the task to the model, this was the only significant 

predictor of fatigue directly after the task. In people with TBI, the level of fatigue before the 

task was strongly related to the amount of mental effort needed to perform the task, while 

this relationship was absent in controls. This is in accordance with previous research showing 

that higher baseline fatigue was associated with higher mental effort in people with TBI.7,36 

This might indicate that due to the high fatigue already present before the task, the cognitive 

resources to perform the task are limited leading to an increased experience of mental effort 

and high levels of fatigue in the TBI group. Another possibility is that people with TBI estimate 

the effort needed to perform the task differently or that the task is more demanding for them 

due to cognitive impairments. Overall, these high baseline levels of fatigue following TBI 

might be best explained with a biopsychosocial model, to capture the complex demands of 

everyday life, including external (environment, multitasking) and internal (emotions, 

rumination) factors. 
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There was no difference in the decline of fatigue following the task between people 

with TBI and controls. Therefore, in contrast to the expectations, there seems to be no slower 

recovery from fatigue in people with TBI. However, fatigue levels were higher at each time 

point and there was more variation in the fatigue scores in TBI participants compared to 

controls. Even though, fatigue is a common complaint after TBI, treatment options are still 

limited.4 The current findings inform clinicians in adapting their rehabilitation programs: 

managing fatigue during the day and in different circumstances can be more targeted when 

incorporating knowledge about (personal) recovery rates. At the end of the 30 minute 

recovery period, fatigue in the control group had almost completely resolved, while people 

with TBI still reported medium levels of fatigue, suggesting they may have needed more time 

for full recovery, which is seen as a characteristic of mental fatigue following TBI.37 To confirm 

that the decrease of fatigue during the rest period is similar in people with TBI and controls it 

would be interesting to study it when both groups are equally fatigued, and over a longer 

period. A task of longer duration and higher complexity such as dual-task might be needed to 

increase feelings of mental effort and fatigue in HC. 

Levels of fatigue and mental effort were significantly higher in participants with TBI 

compared to controls. Increased levels of fatigue in people with TBI is consistent with previous 

research.5 By having, participants perform an adaptive N-back task, we aimed to have task 

difficulty similar for both groups. Accuracy scores indeed indicated that task difficulty was 

comparable between groups and the increase of fatigue due to the task was similar. However, 

TBI participants reported significantly higher levels of mental effort compared to controls. 

Nonetheless, this might be related to the higher fatigue levels before the task instead of the 

task manipulation. This is in line with research in healthy participants indicating that higher 

baseline levels of fatigue increase effort perception.38 Simple everyday tasks such as 

vacuuming can be harder39 and subsequently take more effort following a TBI. This might 

therefore lead to increased ‘baseline’ feelings of fatigue.  

Previous research adapting the task to performance of the participant did find equal 

ratings of mental effort between participants with TBI and controls.13 Their control group 

consisted of a trauma control group, which might explain why the task was more effortful for 

them as well.13 Studies using the same task for both groups found mixed results with some 

reporting equal amounts of efforts,7 while others reported higher effort ratings in people with 

TBI compared to controls.40 This could be related to the task used. In addition, this may 
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support the often-reported heterogeneity in the TBI population, which was also indicated in 

this study by high variability in the fatigue and effort scores in this group. This is in accordance 

with previous research that found that some of the people with TBI showed a greater increase 

in fatigue during task performance while others had a similar increase as the control group.8  

Subjective fatigue following TBI often reflects more than solely symptoms of fatigue 

and a strong emotional component is often involved in the experience of fatigue following 

TBI.41 There were indeed moderate to high correlations between HADS depression scores and 

mental effort, general fatigue (FSS), and state fatigue at every time point in the TBI group. 

While these relationships were absent in HC. However, adding depressive mood as a predictor 

of fatigue in the model did not change the results (Table S2). Therefore, higher levels of 

depression did not explain the relationship between fatigue and effort in people with TBI. 

There were several limitations to the present study. The adaptive N-back was meant 

to have both groups invest comparable amounts of effort and induce fatigue in both groups. 

Controls reported less mental effort compared to people with TBI, therefore, this could mean 

that the manipulation was not completely successful. However, task-induced fatigue was 

comparable between the groups. Furthermore, as already mentioned, the TBI group might 

have perceived the task as more effortful due to higher fatigue levels before the task, instead 

of unsuccessful task manipulation.  Second, since this was an exploratory study to examine 

the task manipulation, the sample was small and heterogeneous with respect to age and 

injury characteristics. Moreover, due to the adaptive nature of the task performance could 

not be compared to earlier research that also employed an N-back task in people with TBI or 

between the TBI and control group.10,42 Future research could examine differences in brain 

activation when the subjective experience of fatigue or effort is comparable between people 

with TBI and controls to further examine the underlying mechanisms of fatigue following TBI. 

In addition, future studies could explore the built-up of fatigue during task performance by 

adding measures of fatigue, such as the VAS-f, during the task. 

In conclusion, this study could not explain high levels of fatigue in people with TBI by 

a higher vulnerability to the fatigue-inducing effects of mental effort or a slower recovery 

from fatigue in people with TBI compared to HC. However, in people with TBI baseline fatigue 

levels seemed to play a large role in mental effort needed and feelings of fatigue following 

the task. From a clinical perspective, this is important information for people with TBI who 

refrain from activities requiring mental effort because they assume that their fatigue will 
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exponentially increase. Further research on the underlying mechanisms of excessive fatigue 

following TBI is needed to understand these experiences of fatigue and how interventions can 

be targeted. 
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Supplementary tables 
 

 

 

 

Supplementary table 1. Performance of the adaptive N-back of traumatic brain injury participants and 
healthy controls.  

Traumatic brain injury Healthy controls Effect size 
 

 
Mean SD Mean SD Cohen’s d p-value 

1-back RT 722.81 128.97 640.59 102.94 0.70 t(37)= 2.19, p= .035 

2-back RT 797.73 139.50 778.39 160.49 0.13 t(36)= 0.40, p= .69 

3-back RT 817.54 173.40 781.40 155.88 0.22 t(29)= 0.61, p= .55 

1-back percentage 29.00 27.81 13.33 13.88 0.71 t(28.2)= 2.24, p= 0.33 

2-back percentage 42.67 23.24 38.25 23.08 0.19 t(37)= 0.60, p= .55 

3-back percentage 28.33 30.73 48.42 30.29 -0.66 t(37)= 2.05, p= .47 

Accuracy complete 
task 

0.89 0.06 0.91 0.08 -0.25 t(37)= 0.79, p= .43 

RT, reaction time; SD, standard deviation.  

Supplementary table 2. Results of hierarchical multiple linear regression analysis of the relation between 
effort and fatigue and the effect of group and the interaction with group. 

Fatigue following the task   

 R² Adjusted R² F p-value Variables Standardized β f2 p-
value 

Model 1 0.59 0.55 16.75 <.001 RSME 0.59 0.26 <.001 
     Group 0.21 0.03 ns 
     HADS depression 0.08 0.004 ns 
         
Model 2 0.59 0.54 12.21 <.001 RSME 0.61 0.06 <.05 
     Group 0.20 0.02 ns 
     HADS depression 0.09 0.004 ns 
     RSME*group -0.02 0.000

06 
ns 

Fatigue following the task, controlled for fatigue before the task   

 R² Adjusted R² F p-value Variables Standardized β f2 p-
value 

Model 1 0.65 0.61 15.65 <.001 VASpre 0.37 0.06 <.05 
     RSME 0.37 0.06 <.05 
     Group 0.15 0.01 ns 
     HADS depression 0.06 0.002 ns 
         
Model 2 0.65 0.60 12.28 <.001 VASpre 0.38 0.07 <.05 
     RSME 0.47 0.03 ns 
     Group 0.11 0.006 ns 
     HADS depression 0.08 0.003 ns 
     RSME*group -0.12 0.002 ns 

VASpost, visual analogue scale fatigue directly after the task; HADS, Hospital Anxiety and Depression Scale; 
VASpre, visual analogue scale fatigue before the task; RSME, Rating Scale Mental Effort. 
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Chapter 4 

Task-induced fatigue and resting-state striatal connectivity 

following traumatic brain injury 
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Chapter 4 

62 
 

Abstract 

Background: People with traumatic brain injury (TBI) often experience fatigue, but an 

understanding of the neural underpinnings of fatigue following TBI is still lacking. This study 

used resting-state functional magnetic resonance imaging (rs-fMRI) to examine functional 

connectivity (FC) changes due to task-induced fatigue in people with moderate-severe TBI.  

Methods:  Sixteen people with TBI and 17 matched healthy controls (HC) performed an 

adaptive N-back task (working memory task) to induce mental fatigue. Before and after the 

task they rated their state fatigue level and underwent rs-fMRI. Seed-to-voxel analyses with 

seeds in areas involved in mental fatigue, namely the striatum and default mode network 

(DMN) including, medial prefrontal cortex and posterior cingulate cortex, were performed. 

Results: The adaptive N-back task was effective in inducing fatigue in both groups. Subjective 

task-induced fatigue was positively associated with FC between striatum and precuneus in 

people with TBI, while there was a negative association in HC. In contrast, subjective task-

induced fatigue was negatively associated with FC between striatum and cerebellum in the 

TBI group, while there was no association in HC. Similar associations between task-induced 

fatigue and DMN FC were found across the groups. 

Conclusions: Our results suggest that the subjective experience of fatigue was linked to DMN 

connectivity in both groups and was differently associated with striatal connectivity in people 

with TBI compared to HC. Defining fatigue-induced neuronal network changes is pertinent to 

the development of treatments that target abnormal neuronal activity after TBI. 

 

Keywords: traumatic brain injury (TBI), fatigue, resting-state fMRI, functional connectivity, 

striatum, default mode network (DMN). 
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Introduction 

Fatigue is one of the most reported symptoms following traumatic brain injury (TBI).1,2 These 

feelings may negatively affect daily living and quality of life.3 Particularly, mental fatigue -

described as insufficient energy reserves to perform everyday mental activities- is a 

dominating factor that limits people with TBI to lead a normal life including work and social 

activities.4,5 Following TBI diffuse axonal injury may occur, next to bleeding and bruising of 

the brain, resulting from the fast accelerating or decelerating forces to the head, causing 

shearing of long axon connections within the brain.6 Consequently, this might lead to 

disturbances in structural and functional connectivity (FC) of the brain’s networks.7 Examining 

FC might thus be relevant to explore specific brain networks and mechanisms implicated in 

fatigue following TBI.  

Fatigue has been suggested to be a signal generated by the brain when performance 

outcome no longer merits the effort required.8,9 The basal ganglia-cortical loops, that involve 

motivational processing to exert effort, have been implicated in fatigue.10 Task-based 

neuroimaging studies indicate the basal ganglia as a central region for fatigue in both healthy 

participants11,12 and people with TBI.13,14 Furthermore, in TBI, increased brain activity in the 

basal ganglia, specifically in the striatum, has been implicated in fatigue both when measured 

using subjective ratings 13,14 and as an assumed result of task performance.15,16 However, 

whether TBI affects connectivity between the striatum and the rest of the brain and whether 

this is associated with the subjective experience of fatigue following TBI has not yet been 

examined. 

Connectivity alterations at rest following fatigue and its relationship to subjective 

fatigue measures are particularly intriguing in light of the large impact fatigue has on the lives 

of people with TBI.3 Resting-state functional connectivity (rsFC) parameters are not related to 

a task,17 making it possible to explore the diffuse effects of fatigue on the brain and potential 

biomarkers for fatigue. Furthermore, since it is known that rsFC is altered by earlier brain 

states,18 for example previous task performance, rsFC could be used to investigate the 

changes in FC due to task-induced fatigue. Especially, rsFC within the Default Mode Network 

(DMN) has been implicated in fatigue in multiple clinical populations including people with 

TBI,19 multiple sclerosis20, and cancer.21 In TBI, both enhanced22,23 and reduced24 rsFC within 

the DMN has been reported. Furthermore, FC between the striatum and DMN has been 

shown to be related to fatigue in people with multiple sclerosis.25 However, rsFC changes due 
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to task-induced fatigue and the association with subjective fatigue both have not yet been 

examined in people with moderate-severe TBI. 

The aim of this study was therefore to compare fatigue-induced changes in rsFC in the 

striatum and DMN between people with moderate-severe TBI and healthy controls (HC). To 

examine this, resting-state functional magnetic resonance imaging (rs-fMRI) measurements 

and subjective fatigue were assessed before and after participants performed a cognitively 

fatiguing task. This cognitive task, the adaptive N-back task, adjusts workload to the 

performance of the person, and thereby allows people with TBI and HC to invest comparable 

amounts of effort, and induces fatigue in both groups.26 Similar levels of task-induced fatigue 

in both groups allows us to examine changes in rsFC (comparing post- to pre-task rsFC) with 

task-induced fatigue between the groups.  It was hypothesized that the association between 

task-induced subjective fatigue and pre to post-task changes in rsFC would be different in 

people with TBI compared to HC. 

  

Methods and Materials 

Participants 

Participants were individuals with a history of moderate-severe TBI, aged between 18 and 70 

years, and age, gender, and education matched HC. Participants were recruited through 

advertisement, via an institutional register of prior study participants who gave permission to 

be contacted again for research, and via an outpatient rehabilitation unit at Zuyderland 

Medical center, where a neurologist or neuropsychologist confirmed the TBI and referred 

eligible candidates to the study. The Mayo classification system was used to confirm the TBI 

as moderate-severe using imaging data and/or injury characteristics including loss of 

consciousness, post-traumatic amnesia, and behavioral symptoms.27 Inclusion criteria for the 

TBI group were a history of moderate-severe TBI and a time since injury between 6 months 

and 6 years so participants were in the chronic phase but not too long since injury. HC needed 

to be in good self-reported overall health. For both groups, exclusion criteria were a history 

of neurological disorders (other than TBI), current medical disorders or treatment (including 

medication that could account for fatigue), a current diagnosed mental disorder based on 

clinical judgment and self-report, and contra-indications for the MRI scanner. Participants 

were recruited between June 2019 and August 2020. 
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Design and procedure 

Participation consisted of two visits. During the first visit, participants signed the informed 

consent form, after which they were screened for contra-indications for scanning. Their 

general feelings of fatigue, anxiety, depression, and sleep quality over the past weeks were 

assessed by questionnaires (i.e. the Fatigue Severity Scale,28 Hospital Anxiety and Depression 

Scale,29 and Pittsburgh Sleep Quality Index,30 respectively). Finally, participants were 

familiarized with the N-back task and scanning procedures by practicing the N-back task using 

an MRI-compatible optical 2-button joystick (Current Designs Inc., Philadelphia, USA), both 

outside and inside a mock scanner. 

During the second visit, participants went in the MRI scanner. First, an anatomical scan 

was made, followed by the first resting-state scan. Next, to induce fatigue participants were 

required to complete an adaptive N-back task in the scanner, which was followed by a second 

resting-state scan. Participants rated their state (momentary) fatigue level using the visual 

analogue scale for fatigue (VAS-f)31 at four time points: at the start of the first resting-state 

scan (t0), before (t1) and after the task (t2), and at the end of the second resting-state scan 

(t3). At t2, participants also rated the amount of effort invested in the task using the Rating 

Scale for Mental Effort (RSME).32 There was a minimum of 1 day and a maximum of 14 days 

between the visits. The study protocol was approved by the Ethics Review Committee 

Psychology and Neuroscience of Maastricht University (ERCPN- 198_12_09_2018). 

 

Subjective rating scales of state fatigue and effort  

State fatigue levels were assessed using the VAS-f.31 The VAS-f consists of a horizontal line 

presented on a computer screen with the left end representing ‘absolutely no fatigue’ and 

the right end ‘most severe fatigue imaginable’ with no intermediate divisions or descriptive 

terms. Scores range from 0 to 100, with higher scores indicating more fatigue. The VAS-f was 

found to be valid and reliable and has been used in previous studies including people with 

TBI.31,33 Task-induced fatigue scores were calculated by subtracting fatigue levels pre-task (t1) 

from post-task (t2).   

 The RSME was used to assess subjective mental effort invested in the adaptive N-back 

task.32 This scale was presented on a computer screen and consists of a vertical visual 
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analogue scale ranging from 0 to 150 with nine anchor points with descriptive labels ranging 

from “absolutely no effort” (near 0 on the scale), through “rather much effort” (at 57 on the 

scale) to “extreme effort” (at 112 on the scale). Participants were requested to mark the line 

at the point corresponding to the amount of mental effort it took to complete the adaptive 

N-back task.  

 

Adaptive N-back task 

The adaptive N-back task is a working memory task measuring accuracy and reaction time.34 

Participants were shown a sequence of letters, one at a time, and had to respond with the 

trigger of the joystick (index finger) each time the current letter was identical to the one 

presented n positions back in the sequences and with the button of the joystick (thumb) if 

the letter was not identical. The level of the n-back depended on the performance of the 

participant and could be 1-, 2-, 3-, and 4-back. When the participant had an accuracy of 90% 

or more, the level increased by one (to a maximum 4-back).  When accuracy was 75% or less 

the level was decreased by one (to a minimum of 1-back). In all other cases, the level stayed 

the same. Task duration was approximately 25 minutes. Participants were not informed that 

changes in n-back levels depended on their performance. By adjusting the difficulty of the 

task based on performance of the participants, we aimed to have high and similar amounts 

of effort invested by all participants and thereby induce fatigue. 

 

MRI acquisition  

Resting-state data were acquired on a 3T MAGNETOM Prisma Fit scanner (Siemens AG, 

Erlangen, Germany) with a 32-channel head coil by using a whole-brain Echo-Planar Imaging 

(EPI) with the following parameters: TR=2000 ms, TE=30 ms, voxel size=2x2mm2, slice 

thickness=2mm, FoV=200 mm, flip angle=77°, slice order interleaved, no gap, acceleration 

factor 2, number of slices 60 and number of volumes 350. Participants were instructed to 

relax and not engage in any specific mental activity while keeping their eyes open and looking 

at a black screen with a white cross. Two EPI-scans with opposite phase encoding using similar 

parameters consisting of 5 volumes were acquired after the 1st and before the 2nd resting-

state scan. An anatomical image was obtained for each participant using a high-resolution 

structural T1-weighted image, a volumetric magnetization prepared rapid gradient echo 
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(MPRAGE) sequence with the following parameters: TR=2250 ms, TE=2.21 ms, TI=900 ms, 

voxel size 1x1x1 mm3, FoV=256mm, and flip angle=9°.  

 

MRI and fMRI data pre-processing 

MRI and fMRI data pre-processing was done using the standardized pre-processing pipelines 

of the CONN toolbox (version 19b)35 that uses the pre-processing steps from SPM (version 

12). In addition, we used FSL-topup to create fieldmaps using the opposite phase encoded 

scans, for Susceptibility Distortion Correction (unwarping).36 Motion correction/realignment, 

slice-timing correction, co-registration, tissue-class segmentation, and MNI-normalization 

were performed. Further cleaning of functional timeseries included identification of scans 

with excessive head motion for scrubbing (outlier scans identified using a conservative 

setting: 95th percentile, global signal z-value threshold of 3 and subject motion threshold of 

0.5 mm) and removal of confounding effects from the BOLD signal (using least squares linear 

regression) of white matter and cerebrospinal fluid time series (5 regressors each using 

CompCor technique),37 six motion parameters and their first-order derivatives. Images were 

spatially smoothed using a 6 mm full-width at half-maximum (FWHM) Gaussian kernel and 

temporally filtered using the default temporal bandpass filter of 0.008 to 0.09 Hz. Due to 

scrubbing, the final length of the first resting-state scan ranged between 10 and 12 min 

(mean: 11.2, SD: 0.5) and the second resting-state scan between 8 and 12 min (mean: 10.9, 

SD: 0.9), which is still well above the 5 min lower limit for adequate resting-state data.38 There 

was no significant difference in the number of scrubbed volumes between the pre- and post-

task resting-state scan (p=.27) or between the groups (p=.17). There was also no difference 

in mean head motion between the groups (TBI mean: 0.12, SD: 0.05; HC mean: 0.13, SD: 

0.04mm; p=.89) but there was a trend towards higher maximum motion in the TBI group (TBI 

mean: 2.77, SD: 3.60; HC mean: 0.87, SD: 0.64mm: p=.053). Subjects with the most movement 

were not excluded since this might bias the sample.39 

 

Statistical analysis 

Statistical analyses of behavioral data were performed in R (version 3.5.1)40 and figures were 

made using the ggplot2 package.41 Statistical analyses of the rs-fMRI data were performed 

with the CONN toolbox.35 
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Independent sample t-tests and chi-square tests (or Welch t-test in case of unequal 

variances) were used to examine differences between the TBI and HC group in demographic 

and clinical characteristics. To examine whether the adaptive N-back task induced a similar 

increase in state fatigue (VAS-f) in both groups, linear mixed-effect regression models using 

the nlme package were performed. This model included group and time as predictors, with 

subject as random intercept to cluster observations within a subject, and the interaction 

between group*time to assess group difference in the change in fatigue levels over time.42 

Independent sample t-tests were used to examine differences between the TBI and HC group 

in mental effort (RSME), task-induced fatigue (VAS-f t2 – VAS-f t1), and adaptive N-back 

performance including accuracy, and percentage of trials and reaction time for each N-back 

level. 

For the resting-state data, seed-to-voxel analyses were performed. Seeds were based 

on previous studies assessing fatigue and included the ventral striatum (MNI, 18, 12, 0, 4mm 

sphere)11,43 and the bilateral medial prefrontal cortex (mPFC; MNI, 1, 55, -3) and posterior 

cingulate cortex (PCC; MNI, 1,-61,38) using the default network map of CONN, which is based 

on CONN's ICA analyses of HCP dataset in 497 subjects.35 The pre-processed time-series of 

each voxel within the seed were averaged. Seed-based connectivity maps were computed for 

each participant by calculating the bivariate correlation coefficient between the time-series 

of each seed and every voxel in the brain and transformed into Fisher-z correlation 

coefficients. For the rsFC analyses, group was included as between-subject factor (TBI, HC), 

time as within-subject factor (pre-, post-task), and gender and age (demeaned) were entered 

as covariates. First, pre-task rsFC was compared between the TBI and HC group using a one-

way ANCOVA. The relationship between pre-task rsFC differences and state fatigue (VAS-f t0) 

was examined using multiple linear regression analyses. Second, it was investigated whether 

task-induced fatigue (VAS-f t2 – VAS-f t1) was associated with changes in rsFC (post – pre-

task) over all subjects using multiple regression analysis. Third, associations between task-

induced fatigue and changes in rsFC (pre- and post-task contrast) were compared between 

people with TBI and HC using a two-way ANCOVA interaction analysis. Post-hoc analyses of 

the significant associations were performed for each group separately to examine the 

association between task-induced fatigue and changes in rsFC per group. All group-level 

results were thresholded at p<.001 uncorrected for voxel-level (height threshold) and p< .05, 

uncorrected for cluster-size within the CONN toolbox,44 and a Bonferroni multiple comparison 
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correction was used to control for false positives due to using three seeds. Thus, two-tailed 

cluster-size p-values < .0167, after voxel-level correction, were considered statistically 

significant. 

 

Results 

Group characteristics 

In total, 34 participants (17 with TBI and 17 matched HC) were included in the study. Data 

from one TBI participant was excluded from analyses due to protocol violation (use of sleep 

medication). One TBI participant experienced a sudden discomfort in the last four minutes of 

the post-task resting-state scan, so these minutes are missing but this participant was still 

included in all analyses. Demographic and clinical characteristics of each group are 

summarized in Table 1. Around half of the participants with TBI reported severe levels of 

fatigue (FSS≥ 4). Trait fatigue levels (FSS), depression, and anxiety symptoms (HADS) were 

significantly higher in the TBI group compared to HC (Table 1). There were no significant group 

differences in age, gender, education, living situation, or sleep quality (PSQI). Hours of 

employment were lower in the TBI group compared to HC. In the TBI group, the causes of 

injury were motor vehicle accidents (n=8), falls (n=7), and assault (n=1).  
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Table 1. Demographics and subjective symptomatology in the traumatic brain injury (TBI) and 

healthy control (HC) groups.  

 TBI  (N=16) HC (N=17)  

 Mean ±SD 

or N (%) 

Range Mean ±SD 

or N (%) 

Rang

e 

p-value 

Age (years) 37.1 ±13.6 21-65 39.0 ±13.4 20-67 t(31)= 0.41 p= .68 

Gender (male) 12 (75.0%)  13 (76.5%)  Χ2(1, 33)= 0.01 p= .92 

Years of education 17.1 ±2.7 11-21 16.8 ±1.9 14-19 t(31)= -0.33 p= .74 

Living independently  16 (100%)  17 (100%)  Χ2(1, 33)= 0.00 p= 1.0 

Employed at the moment of 

the study 

12 (75%)  14 (82.4%)  Χ2(1, 33) =0.27 p= .61 

Hours of employment (per 

week) 

29.3 ±10.0 8-40 35.9 ±5.6 24-40 t(24)= 2.12 p= .045 

Medication, yes 4 (29%)  4 (24%)  Χ2(1, 33)= 0.01 p= .92 

Psycho-active medication 0 (0%)  0 (0%)   

Time since injury (months) 25 ±2.2 6-71 - -  

Post-traumatic amnesia 

(days) 

8.7 ±11.9 0-30 - -  

Loss of consciousness (hours) 49 ±99.9 0-336 - -  

Sleep quality (PSQI score) 6.5 ±3.4 1-13 4.8 ±2.7 1-11 t(31)= -1.57 p= .13 

Clinically significant (>5) 10 (63%)  5 (29%)   

Trait Fatigue (FSS score) 4.0 ±1.5 1.4-6.3 3.1 ±1.0 1.2-

4.9 

t(31)= -2.09 p= .045 

Clinically significant (≥4) 8 (50%)  3 (18%)   

Depression (HADS score) 6.2 ±4.4 1-14 2.5 ±2.4 0-8 t(22.7)= -3.02 p= 

.006 

Clinically significant (≥8) 7 (43.8%)  1 (6%)   

Anxiety (HADS score) 6.2 ±2.4 2-10 3.4 ±2.3 0-8 t(31)= -3.40 p= .002 

Clinically significant (≥8) 5 (31.3%)  1 (6%)   

SD, standard deviation; PSQI, Pittsburgh Sleep Quality Index; FSS, Fatigue Severity Scale; HADS, 

Hospital Anxiety and Depression Scale. 

 

State fatigue, effort, and N-back performance 

Fatigue scores (VAS-f) at each time point, task-induced fatigue (VAS-f t2 –t1), and mental 

effort scores (RSME) are presented in Figure 1. First, we determined whether the adaptive N-

back task-induced fatigue in both groups. There was a significant effect of time indicating that 

fatigue levels increased over time in both groups (β=9.42, 95%CI: 6.41 – 10.59, p< .001; figure 

1a). There was also a significant effect of group, indicating that fatigue was significantly higher 

in the TBI group compared to the HC group (β=9.10, 95%CI: 0.89 – 35.44, p= .04). As expected, 

there was no significant difference in the change of fatigue over time between people with 

TBI and HC (interaction group*time, β=1.02, 95%CI: -2.37 – 6.04, p=.39).  
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Self-reported mental effort (RSME, t(31)=-1.82 p=.08; figure 1c) and task-induced 

fatigue (t(31)=0.15 p=.99; figure 1b) did not differ significantly between the groups. Overall 

percentage correct responses in the N-back was similar between groups (t(31)= 1.61 p=.12; 

Table S1). The adaptive nature of the N-bask task resulted in a higher proportion of trials on 

the less demanding 1-back level (Welch t(16.39)= -2.18 p=.044) in participants with TBI 

compared to HC (Table S1). 

 

Figure 1. Individual subjective fatigue scores at each time point (A), task-induced fatigue (B), and 

mental effort scores (C) of the traumatic brain injury (TBI) and healthy control (HC) group. The central 

marks in the boxplots present the median, the edges the 25th and 75th percentiles, and the lines 

extend to the most extreme data points not considering outliers, each participant is presented as a 

dot. VAS-f visual analogue scale for fatigue; RSME rating scale mental effort; t0 start of the first resting-

state scan; t1 before the task; t2 after the task (t2); t3 end of the second resting-state scan (t3). 

 

Baseline rsFC 

First, we examined baseline differences in rsFC between the TBI and HC group (Table S2). Pre-

task rsFC differences were present in the mPFC, PCC, and striatum. rsFC was enhanced in the 
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TBI group compared to HC between the mPFC and left angular gyrus, left supramarginal gyrus, 

and left inferior frontal gyrus. In contrast, rsFC was reduced between the PCC and left middle 

temporal gyrus and between the striatum and the left occipital fusiform gyrus in the TBI group 

compared to the HC group. Importantly, the differences in rsFC between the groups were not 

associated with state fatigue at t0 (all p’s > .31). 

 

Task-induced fatigue associated with rsFC 

Second, we investigated whether task-induced changes in fatigue were associated with 

changes in rsFC (post – pre-task) over all participants (Table 2). Increased task-induced fatigue 

was positively associated with enhanced rsFC between the mPFC and insula and frontal pole, 

and between the PCC and lateral occipital cortex, supramarginal gyrus, and superior frontal 

gyrus. Further, increased task-induced fatigue was negatively associated with reduced rsFC 

between the PCC and parahippocampal gyrus and hippocampus. These associations between 

task-induced fatigue and rsFC changes were in the same direction for both the TBI and HC 

group indicating that these associations were not driven by one of the groups (Figure 2). 

Third, we examined whether task-induced changes in fatigue were differently 

associated with changes in rsFC (post – pre-task) between the TBI and HC group. There was a 

significantly different association between task-induced fatigue and changes in rsFC for the 

striatum seed (Table 2; Figure 3). Increased task-induced fatigue was positively associated 

with enhanced rsFC between the striatum and precuneus extending to the left lateral occipital 

cortex in the TBI group but negatively associated with decreased rsFC in the same areas in 

HC. In addition, participants with TBI showed a negative association between increased 

fatigue and reduced striatal-cerebellar rsFC, while this association was not significant in HC. 

For the seeds of the DMN, including the mPFC and PCC, task-induced fatigue was not 

differently associated with changes in rsFC in people with TBI compared to HC. 
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Figure 2. Associations between changes in resting-state functional connectivity (rsFC) with seeds in 

the default mode network and task-induced fatigue over all subjects. As shown, the associations 

between rsFC changes (post – pre-task) and task-induced fatigue are in the same direction for both 

the traumatic brain injury (TBI) and healthy control (HC) group indicating that not one of the groups 

is driving the associations. 

mPFC, medial prefrontal cortex; PCC, poster cingulate cortex; LOC, lateral occipital cortex; SFG, 

superior frontal gyrus. 
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Discussion 

We used a novel approach, including an adaptive N-back task to induce fatigue, to examine 

associations between task-induced subjective fatigue and changes in rsFC in the striatum and 

DMN in people with moderate-severe TBI compared to HC. The adaptive N-back induced a 

similar increase in fatigue in both groups. In neural terms, the two groups differed in striatal 

and DMN rsFC at baseline, but the differences were not associated with state fatigue at 

baseline. Further, both groups showed similar associations between task-induced fatigue and 

pre- to post-task changes in rsFC of the mPFC and PCC. Together, these findings indicate that 

people with TBI and HC showed similar alterations in DMN connectivity with the experience 

of subjective fatigue while differing in striatal connectivity with task-induced fatigue. 

Our finding of differential striatal connectivity following a fatiguing task extends on 

previous studies that only reported an association between fatigue and regional activity 

during task performance.13-15 Specifically, in people with TBI, task-induced fatigue was 

positively associated with rsFC between the striatum and precuneus, while increased task-

induced fatigue was associated with reduced rsFC in HC. This is in line with a study from Wylie 

and colleagues, which showed a positive association between fatigue and activity in the 

precuneus during task-performance in people with TBI and a negative association in HC.13 

Furthermore, our results showed that in the TBI group, reduced rsFC between the striatum 

and cerebellum was associated with a larger increase in task-induced fatigue, while there was 

no association in HC. These results contribute to the growing body of evidence indicating an 

association between structural changes45 and activity in the striatum and fatigue in people 

with TBI.13-15,46 Moreover, our finding of altered resting-state striatal connectivity even after 

task performance and its association with subjective fatigue highlights regional specificity in 

explaining TBI-related fatigue and suggests that it might be used as a neuronal correlate of 

fatigue following TBI. The ventral striatum is involved in motivational processing47 and might 

weigh if the effort needed to invest in a task is worth the outcome,48 taking into account 

current levels of fatigue.49 Alterations in striatal connectivity in people with TBI might thus 

indicate a difference in the integration of fatigue and outcome and thereby the motivation to 

exert effort. However, it remains unknown whether TBI patients perceive effort differently, 

or whether they are less sensitive to outcome or reward value.50    

In both groups, task-induced fatigue was associated with enhanced rsFC between the 

medial DMN and widespread cortical areas and reduced rsFC between PCC and limbic areas. 
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Based on the ample reporting of the DMN being associated with internal thoughts and mind 

wandering,51,52 enhanced rsFC in our study between areas of the DMN and salience (insula) 

and executive control network (superior frontal gyrus, frontal pole) could indicate less 

internal focus and self-reflection in response to fatigue or fatigue-related compensatory 

connectivity.53 The DMN might thus play a similar role in task-induced fatigue in people with 

TBI and HC.    

Both groups reported investing similar amounts of effort to perform the task. 

Furthermore, state fatigue levels increased at a similar rate for both groups following task 

performance, indicating that changes in rsFC were not due to a difference in the fatigue-

inducing effects of the adaptive N-back task. In general, state fatigue levels were higher in 

people with TBI compared to HC in our study. This is in line with the higher trait fatigue levels 

(FSS) found at the first visit in the TBI group compared to the HC group and with the findings 

of previous studies, which reported high levels of fatigue in people with TBI.1,2,13 However, 

these higher state fatigue levels were not related to the baseline differences in rsFC of the 

DMN and striatum between people with TBI and HC. Results of previous studies have been 

inconsistent regarding an association between altered rsFC in the DMN in people with TBI 

compared to HC and behavior, such as impairments in cognition.23,54-56 Our results indicate 

no association between altered baseline rsFC in the DMN or striatum and subjective fatigue 

in people with TBI. 

Some limitations to this study should be mentioned. First, as often reported the 

pathology underlying a TBI is very heterogeneous, every brain injury is unique and has a 

complex interaction with multiple networks, which limits generalizability of research findings. 

We tried to reduce heterogeneity by including patients in a stable time-window post-injury 

(time post-injury between 6 months and 6 years) and by only including people with moderate-

severe TBI. Second, the relatively broad age range of patients in our study could pose 

limitations, given reports of age affecting FC in TBI.57,58 However, we controlled for age in all 

our analyses. Finally, the sample size was relatively small, though it is comparable to other 

recent studies including participants with TBI with similar methodologies.59 rsFC changes in 

relation to fatigue have rarely been examined in people with moderate-severe TBI and further 

research with larger samples is necessary. 

In conclusion, our results suggest a possible modulation in motivational processes, 

indicated by altered resting-state striatal functional connectivity, as an underpinning of 
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subjective fatigue in people with TBI, illustrating the importance of the connectivity of the 

striatum in the experience of fatigue following TBI. The mPFC and PCC of the DMN, on the 

other hand, did not show a different response to task-induced fatigue in people with TBI and 

HC. These areas of the DMN might therefore play a similar role in task-induced fatigue in 

people with TBI and HC. Further knowledge of striatal connectivity as a neural correlate of 

fatigue could increase our understanding of the mechanisms behind fatigue in people with 

TBI and maybe assist in the diagnosis of fatigue. These findings might contribute to the 

development of treatments for fatigue following TBI aimed at abnormal striatal connectivity. 
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Supplementary materials 
Results N-back 
The adaptive nature of the N-back task resulted in a higher proportion of trials on the less demanding 
1-back level (p= .044) in participants with TBI compared to controls. Conversely, for controls it resulted 
in a trend towards a higher proportion of trials on the more demanding 4-back level (p= .060) 
compared to the TBI group. Overall percentage correct responses in the n-back was similar between 
groups. Mean response times were comparable between the groups. 
 

Table S1. Performance of the adaptive N-back of participants with traumatic brain injury (TBI) and healthy controls (HC). 

 TBI (N=16) HC (N=17)  

  Mean SD Mean SD p-value 

1-back RT 679.8 96.5 706.3 130.5 t(31)=-0.7 p=.51 
2-back RT 813.9 166.2 823.8 157.7 t(30)=-0.2 p=.86 

3-back RT 786.2 122.4 879.1 135.8 t(27)=-1.9 p=.07 

4-back RT 798.6 118.5 811.2 103.9 t(21)=-0.27 p=.79 

1-back percentage 26.3 30.2 9.4 6.7 t(16.4)=2.2 p=.044 

2-back percentage 20.0 21.2 12.2 15.1 t(27.0)=1.2 p=.23 

3-back percentage 18.8 21.3 19.6 23.5 t(31)=-0.1 p=.91 

4-back percentage 35.0 37.2 58.8 32.8 t(31)=-2.0 p=.060 

Accuracy complete task 0.80 0.13 0.85 0.04 t(31)=-1.6 p=.12 

RT, reaction time; SD, standard deviation. 

  

 

 

Table S2.  Regions with significant baseline rsFC differences between the traumatic brain injury (TBI) and healthy control 
(HC) group.  

 Size 
(voxels) 

Coordinates F-stats (df) model rsFC pre-task 

Baseline resting-state L/R 
 

x y z F(1,29) p-voxel p-
cluster 

TBI HC 

TBI > HC           

DMN 
Medial prefrontal 
cortex 

          

Angular gyrus L 159 -40 -52 +36 30.68 .000011 .000034  0.20 -0.09 

Supramarginal Gyrus,  
posterior division 

L 65 -52 -44 +48 18.78 .000125 .003430  0.06 -0.24 

Inferior Frontal Gyrus,  
pars opercularis 

L 54 -56 +20 +26 33.77 .000010 .006635  0.11 -0.16 

TBI < HC           

Posterior cingulate 
cortex 

          

Middle Temporal 
Gyrus 
anterior division 

L 96 
 

-66 -6 -10 36.34 
 

< .000001 
 

.000660 
 

-0.06 0.15 

Striatum           

Occipital fusiform 
gyrus 

L 41 -16 -80 -10 24.45 .000104 .006975 -0.01 0.09 

F(1,29) threshold  > 13.39; uncorrected voxel threshold p < .001; uncorrected cluster threshold p < .0167 (Bonferroni 
corrected). Analyses were controlled for age and gender. rsFC, resting-state functional connectivity (fisher-z transformed 
correlation coefficients). 
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Chapter 5 

The bidirectional relationship between sleep and physical 

activity following traumatic brain injury 

 

Bruijel J, van Heugten CM, Murray J, Grima N, Ymer L, Walters EM, Sinclair K, 

Stapert SZ, Vermeeren A, Ponsford J (2021). Journal of sleep research, e13334.  

doi: 10.1111/jsr.13334 
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Summary 

Sleep and physical activity are both modifiable behavioral factors that are associated with 

better health and are potentially related. Following traumatic brain injury, damage to the 

brain caused by an external force, sleep disturbances are common. Exploring bidirectional 

relationships between sleep and physical activity might provide insight into whether 

increasing physical activity could decrease these sleep disturbances. The current study, 

therefore, examined inter- and intra-individual temporal associations between sleep and 

daytime physical activity in 64 people with traumatic brain injury reporting sleep problems or 

fatigue (47 males; mean age: 40 years). Sleep and physical activity were measured using 

actigraphy in corroboration with sleep diaries over 14 consecutive days. Multilevel models 

were used to examine inter- and intra-individual associations between physical activity and 

sleep. Inter-individual variations showed that earlier bedtimes, wake-up times, and lower 

sleep efficiency were associated with more physical activity. Intra-individual temporal 

variations showed no significant association of daytime physical activity with sleep duration 

or continuity. However, shorter sleep time and less wake after sleep onset than usual were 

associated with more time spent in light intensity activity the next day. Therefore, sleep may 

have more of an influence on physical activity than physical activity has on sleep in people 

with traumatic brain injury. In conclusion, the results do not confirm a potential beneficial 

effect of physical activity on sleep but suggest that improving sleep quality might be relevant 

to support a physically active lifestyle in people with traumatic brain injury. Further research 

is necessary to confirm these results. 

 

Keywords: traumatic brain injury, sleep, physical activity, actigraphy, multilevel modelling, 

exercise. 
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Introduction 

Sleep and physical activity (PA) are both modifiable behavioral factors that are associated 

with better health.1,2 Epidemiological studies in the general population found that people 

who are less physically active tend to have poorer sleep and more sleep-related difficulties.3,4 

Furthermore, in community samples treatment increasing PA was found to have beneficial 

effects on sleep.5 This relationship between sleep and PA is thought to be bidirectional, 

whereby poor sleep might be associated with less PA, and lower PA levels may be associated 

with poor sleep.6,7  

People with traumatic brain injury (TBI) often report sleep disturbances, with a meta-

analysis indicating that 53% of people with TBI have some form of objective sleep 

disturbance.8,9 Sleep disturbances are strongly associated with high rates of fatigue and 

depression in individuals with TBI and may contribute to reduced activity in work, social, and 

leisure activities.9,10 Studies examining PA in people with TBI are limited and PA has not been 

well described in this population.11,12 The few studies available have found that PA levels 

following TBI are lower than recommended by the World Health Organization (i.e., less than 

150 minutes of moderate-intensity exercise or 75 minutes of vigorous-intensity exercise 

throughout the week).12,13 Compared to behavior of the general population, however, results 

are inconsistent; some studies report similar PA14 while others report reduced PA in people 

with TBI.11  

The presence of sleep disturbances following TBI may lead to a tendency to rest more 

during the daytime, and this may in turn lead to the maintenance of sleep disturbances.15 

Since studies in the general population showed a positive association between PA and sleep,3 

increasing PA might be beneficial to improve sleep in people with TBI. However, to examine 

this we first need information about the bidirectional relationships between physical activity 

and sleep in people with TBI. Previous research in other populations often averaged sleep and 

PA variables over multiple days, which ignores day‐to‐day variation and restricts the capacity 

to examine whether one behavior may affect the other from one day to the next.16 The few 

studies that did examine these day-to-day variations in populations other than TBI found 

mixed results, suggesting that this relationship might depend on the population examined.17-

19 

Therefore, this study examined the daily bidirectional relationships between daytime 

PA and sleep in people with TBI. Through a secondary analysis of historical baseline datasets 
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examining treatments for sleep or fatigue, inter- and intra-individual variations between sleep 

and PA were examined in people with TBI with sleep problems and/or fatigue by 

corroborating sleep-diary with wrist actigraphy. Based on the premise that PA has a positive 

effect on sleep and this effect might be bidirectional,6 it was hypothesized that for inter-

individual variations higher average levels of PA indicated by greater activity counts and more 

time spent in light activity, would be associated with better sleep indicated by longer total 

sleep time (TST), higher sleep efficiency (SE), shorter sleep onset latency (SOL) and less wake 

after sleep onset (WASO). For intra-individual temporal variations, it was hypothesized that 

higher levels of PA during the day would be followed by better sleep at night, and that better 

sleep would be followed by more PA the next day.  Since both sleep and physical activity are 

associated with levels of depression and have been shown to change with age, these variables 

were controlled for.9,20 

 

Methods 

Participants 

This study aggregated a subset of 64 participants with TBI using baseline data from three 

studies with similar methodologies examining sleep and treatment for sleep problems and 

fatigue in patients with acquired brain injury.21,22 Participants with TBI were recruited through 

a rehabilitation program or via referral by healthcare professionals at Epworth Healthcare, 

Melbourne, Australia. The inclusion and exclusion criteria were similar across the studies. 

Participants with a medically documented mild-severe TBI defined as a history of a blunt head 

trauma with loss of consciousness and post-traumatic amnesia, and with clinically significant 

self-reported sleep problems, daytime sleepiness, or fatigue were included (Pittsburgh Sleep 

Quality Index (PSQI) >5; Epworth sleepiness scale (ESS) ≥10 or Fatigue Severity Scale (FSS) ≥4). 

Participants were excluded if they had: a pre-injury history of sleep problems, fatigue, or a 

neurological condition other than TBI; recent shift work or travel across more than one time 

zone; high risk for sleep apnea; or current use of sleep medications. The protocols for two of 

the studies can be found in the original paper.21,22   
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Procedure 

All study protocols received hospital and university ethics approval and all participants 

provided informed consent. Demographic characteristics were collected at the start of the 

studies. Both PA and sleep were measured by corroborating sleep diary with wrist actigraphy. 

Participants were asked to wear the actiwatch continuously for two weeks except when 

bathing or showering. Concurrent with wearing the actiwatch, participants completed a sleep 

diary. When receiving or after wearing the actiwatch, participants answered questionnaires 

about their subjective sleep, fatigue and mood.  

 

Sleep measurement 

Actiwatch 2 and Actiwatch Spectrum (Mini-Mitter/Respironics Inc, Bend, OR, USA) devices 

were used to measure both sleep and PA and were worn around the non-dominant wrist. This 

noninvasive device has been well validated to measure sleep in people with TBI.23 The 

actiwatch was set to 60sec epochs and a medium sensitivity was used to define the sleep 

parameters extracted with Actiware software version 6.0.9 (Respironics, 2008).  Bedtime and 

wake-up time from the sleep diaries were used to define the rest interval for the sleep 

analyses and adjustments were made consistent with other studies.21,22 In addition, the sleep 

dairies were used to define the nap periods in the actiwatch data. Participants were asked to 

report their bedtime, wake-up time, and naps of the previous day each morning. Sleep 

outcome variables were bedtime, wake-up time, TST, SE, SOL, and WASO.  

 

Physical activity measurement 

Although the actiwatches used in this study were primarily designed to measure sleep, 

multiple studies support the use of these devices to measure overall physical activity.24,25 To 

determine overall level of activity per participant, the raw activity counts per minute of the 

actiwatch from the wake periods (i.e., time between rising and retiring to bed) were averaged 

per day and over the total sampling period. To examine the effect of activity before bedtime, 

average activity counts in the 5 hours before bedtime over the total sample period were 

calculated.  Activity for the first and last day of the registration period were omitted since 

these did not include a complete 24h window. Intensity of activity during the wake period 

was calculated using cut-off points, sedentary (<100 AC/min), inactive (100-500 AC/min), light 
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activity (500-2020 AC/min), moderate activity (2020-5999 AC/min) and vigorous activity 

(>5999 AC/min) in line with previous research in people with TBI.13  The primary physical 

activity outcomes were overall level of activity, and time spent in light activity. Time spent in 

light activity was included in the analyses because time spent in moderate to vigorous activity 

was very limited for this group. Data were included if there were at least 4 days with more 

than 10 hours of daytime activity data available.26  

 

Questionnaires 

Subjective sleep quality, daytime sleepiness, and fatigue were assessed using the PSQI,27 

ESS28, and FSS29 respectively. Anxiety and depression were assessed with the Hospital Anxiety 

and Depression Scale (HADS).30 For all questionnaires higher scores represent more 

symptoms/problems. Injury details of the TBI were collected with participant consent from 

the hospital database. 

  

Data Analyses 

To assess relationships between sleep and PA (averaged over the whole sample period), and 

personal characteristics such as age, time since injury, posttraumatic amnesia (PTA), and 

scores on the HADS, FSS, PSQI, and ESS, Pearson correlation analyses were used. Due to non-

normality, SOL was log-transformed. These analyses confirmed that depression and age are 

the variables most associated with sleep and physical activity levels following TBI and were 

therefore added as covariates in the multilevel models. To examine the relationship between 

physical activity in the 5 hours before bedtime and SOL, multiple linear regression analysis 

was used with age and depression as covariates.  

 To assess inter- and intra-individual associations between the sleep variables and 

daytime PA, multilevel linear models (MLM) with restricted maximum likelihood estimation 

method were used. An autoregressive error variance structure was used to take into account 

that consecutive sleep and physical activity observations might be correlated more highly 

than non-consecutive observations. Two sets of MLM were performed. In the first set of 

models daytime PA variables (daily activity counts and time spent in light activity) were the 

independent variables and subsequent sleep variables (bedtime, wake-up time, TST, SE, 

WASO, and SOL) were dependent variables, with depression, age, weekday (weekend vs 
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week), and TST of the naps during the day added as covariates (naps were not added in the 

model including wake-up time). In the second set of MLM sleep variables were the 

independent variables and next day PA the dependent variables with depression, age, 

weekday (weekend vs week) added as covariates. As independent variables, PA and sleep 

were divided into inter-individual and intra-individual variables in line with previous 

research.18,19 Inter-individual (between-person) variables were calculated as the average level 

of PA over the whole sample period for each person. Intra-individual (within-person) variables 

were centered at the person mean representing daily variations of physical activity, where 

positive values indicated higher scores than the person’s own average. Twelve different 

models were created. Analyses were performed in R version 3.5.1 with the nlme package.31 

 

Results 

Sample characteristics 

The main participant characteristics and average of the sleep and physical activity variables 

are presented in Table 1. The mean age was 40 years (SD: 12.9) with a range of 19 to 68 years. 

The causes of TBI were traffic accidents (81.3%), falls (15.6%), and assault (1.6%, N=63). Based 

on PTA duration TBI was severe (PTA> 7days) in most cases (75%), moderate (PTA 1-7 days) 

in 13%, and mild (PTA <1 day) in 12% of cases (N=60). Over 90% of participants reported 

clinically significant fatigue, 67% had at least mild symptoms of depression and 62% had at 

least mild symptoms of anxiety (Table 1). Almost 40% had at least mild excessive daytime 

sleepiness and over 80% reported poor sleep quality (Table 1.) Participants wore the 

actiwatch on average 12 days (SD 1.3; median: 13; 95% confidence interval: 12.0 – 12.6 days) 

and 13 nights (SD 1.7; median: 14; 95% confidence interval: 12.4 – 13.2 nights). There was no 

correlation between the number of days or nights the participant wore the actiwatch and the 

sleep or activity variables. On average participants spent 180 minutes in light activity per day, 

had a sleep duration of seven hours per night, and an average sleep efficiency of 79%. 
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Table 1. Demographic characteristics, questionnaire results and average the sleep and activity 
variables. If data were missing, the number of participants that data was available from is 
reported. 

Variable Mean SD min-max / N (%) 

Age (years) 40.0 12.9 19.1 - 68.7 

Gender (male) 
  

47 (73.4) 

Time since injury (months) 54.9a 56.4 3.2- 250.7 

PTA duration (days) 29.9c 29.7 0.0 - 150.0 

Current employment (yes) 
  

18 (28.1) 

Education (years) 14.7 3.0 8-19 b 

Living independent or with family 
  

63 (100) b 

Current medication use 
  

39 (61.9) b 

 Pain medication 
  

18 (28.6) b 

 Antidepressants 
  

24 (38.1) b 

 Anti-epileptic drugs 
  

7 (11.1) b 

Questionnaires    

PSQI global (sleep problems) 9.6 4.1 2.0 - 21.0  

Clinically significant (>5) 
  

52 (81.2) 

ESS (daytime sleepiness) 8.2 4.4 0.0 - 18.0 

Clinically significant (≥11) 
  

25 (39.1) 

HADS – depression 8.7 4.5 0 -22 b 

Clinically significant (≥8)   42 (66.7) b 

HADS – anxiety 8.0 4.3 0 - 16 b 

Clinically significant (≥8)   39 (61.9) b 

FSS (fatigue) 5.4  1.3 0 - 18 

Clinically significant (≥4)   58 (90.6) 

Sleep variables    

Bedtime (clock time 24H; hours) 23:41 1.44 21:04 – 03:31 

Wake-up time (clock time 24H; hours) 7:45 1.24 5:47 – 11:00 

Time in bed (hours) 8.0 1.1 5.1 - 10.3 

Total sleep time (hours) 7.0 1.0 4.5 - 9.6 

Sleep onset latency (minutes) 28.7 22.9 3.3 - 129.8 

Sleep efficiency (%) 79.2 7.1 58.0 - 91.3 

Wake after sleep onset (minutes) 60.1 22.2 16.3 - 135.5 

Number of participants taking a nap   32 (50.0) 

Number of naps 5.5 4.1 1.0 - 16.0 

Average nap duration (minutes) 63.3 36.8 14.5 - 156.3 

Activity variables    

Overall activity (counts) 296.2 102.5 114.1 - 544.2 

Activity counts in the 5 hours before 
bedtime 

221.3 96.6 73.7 - 460.2 

Sedentary (minutes) 350.2 121.5 156.7 - 800.1 

Inactive (minutes) 340.6 69.3 189.9 - 462.4 

Light activity (minutes) 179.9 89.2 42.4 - 404.1 

Moderate activity (minutes) 3.8 5.7 0.0 - 24.8 

Vigorous activity (minutes) 0.1 0.2 0.0 - 1.5 

Average number of hours per day 14.6 1.1 12.5 - 18.0 
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Sleep and activity in correlation with covariates 

There were no significant correlations between the sleep variables and time since injury, PTA 

duration, HADS anxiety, fatigue (FSS), or daytime sleepiness (ESS). Significant low to moderate 

correlations were found between age and sleep, as well as depressive symptoms (HADS) and 

sleep. Older age was associated with earlier bedtimes (r= -.37, p=.002), earlier wake-up times 

(r= -.30, p=.015), shorter SOL (r= -.34, p=.007), and better SE (r= .25, p=.047). Higher HADS 

depression scores were associated with later bedtimes (r= .33, p=.009), and later wake-up 

times (r= .28, p=.029). Worse subjective sleep quality (PSQI) was associated with later wake-

up times (r=.34, p=.007). There were no significant correlations between the PA variables and 

age, time since injury, PTA duration, HADS anxiety, fatigue (FSS), sleep quality (PSQI), or 

daytime sleepiness (ESS).  Higher HADS depression scores were associated with lower overall 

activity (r= -.31, p=.01) and less time spent in light activity (r=-.39, p=.02). Based on these 

correlation analyses the HADS depression score and age were added as covariates in the MLM 

analyses to examine the association between daytime PA and sleep. There was no association 

between activity in the 5 hours before bedtime and SOL (β=.00, p=24). 

 

Inter- and intra-individual associations between PA and sleep 

The HADS depression score was missing for one participant; therefore the inter- and intra-

individual variation analyses included 63 participants. 

 

Daytime physical activity as a predictor of sleep 

The MLMs examining inter- and intra-individual associations between daytime PA and sleep 

the following night only showed significant relationships between PA and the timing of sleep 

(Table 2). Inter-individual variations in overall activity counts were significant predictors of 

bedtime and wake-up time, indicating that participants with higher average overall activity 

went to bed earlier and woke up earlier. Intra-individual variations showed the opposite 

pattern; on days that participants spent more time in light activity than their average they 

TBI, traumatic brain injury; PSQI, Pittsburgh sleep quality index; ESS, Epworth Sleepiness; HADS, 
Hospital Anxiety and Depression Scale.   
aMissing data for 2 participants 

bMissing data for 1 participants 
c Missing data for 4 participants 
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went to bed later that night. A one hour increase in light activity was associated with a 7 min 

later bedtime. There were no significant associations between PA and following night TST, SE, 

WASO, and SOL.  

 

Sleep of a predictor of daytime physical activity 

The MLMs examining inter- and intra-individual associations between the sleep variables and 

next-day physical activity revealed a similar inter-individual relationship between sleep timing 

and PA (Table 3). Participants who went to bed earlier and woke up earlier were more 

physically active indicated by greater activity counts and more time spent in light activity. 

Inter-individual variations indicated that participants with better SE had less overall activity 

counts. Intra-individual variations in wake-up time showed a similar pattern, on days the 

participant woke up earlier than their average they were more physically active, indicated by 

greater activity counts and more time spent in light activity. Intra-individual variations in TST 

and WASO revealed that when participants had shorter TST than their average or had less 

WASO than their average, they spent more time in light activity the next day. There were no 

significant associations between nightly changes in bedtimes, SE or SOL, and next-day PA. 
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Discussion 

This study examined the inter- and intra-individual daily relationship between PA and sleep 

in people with TBI. At the inter-individual level results showed that earlier bedtimes, earlier 

Table 3. Results from multilevel models of inter- and intra-individual associations between nighttime 

sleep and physical activity during the following day, while adjusting for covariates. 
  

Overall activity (counts per min) Light activity (min) 
 

Predictors Estimates CI (95%) Estimates CI (95%) 

Bedtime Inter-individual -19.34 * -38.34 – -0.33 -12.94 -30.12 – 4.24 

 
Intra-individual -1.79 -7.19 – 3.61 -2.76 -7.01 – 1.49 

Wake-up time Inter-individual -29.99 ** -50.60 – -9.38 -28.85 ** -46.97 – -10.73 

 
Intra-individual -5.72 * -10.85 – -0.58 -12.55 *** -16.49 – -8.61 

      

Total sleep time Inter-individual -0.23 -0.62 – 0.17 -0.31 -0.65 – 0.04 

 
Intra-individual -0.04 -0.12 – 0.04 -0.11 *** -0.18 – -0.05 

      

Sleep efficiency Inter-individual -4.15 * -7.91 – -0.38 -2.95 -6.34 – 0.45 

 
Intra-individual 0.16 -0.60 – 0.91 0.10 -0.50 – 0.69 

      

Wake after sleep 

onset 

Inter-individual 0.97 -0.15 – 2.09 0.57 -0.44 – 1.58 

Intra-individual -0.12 -0.34 – 0.10 -0.23 * -0.40 – -0.05 
      

Sleep onset 

latency 

Inter-individual 0.14 -1.06 – 1.35 0.02 -1.05 – 1.09 

 
Intra-individual -0.05 -0.24 – 0.15 -0.10 -0.25 – 0.06 

All models were adjusted for age, depression scores and weekday (weekend vs weekday). CI (95%), 

95% Confidence Interval. *P<.05; **p<.01.  

Note. 706 daily observations were clustered in 63 participants. 
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wake-up times, and lower SE were associated with more physical activity. Intra-individual 

daily variations in PA were not associated with the following night’s sleep duration or 

continuity, implying that more PA during the day did not improve sleep the following night. 

However, intra-individual nightly variations in sleep revealed that shorter TST and less WASO 

predicted more time spent in light activity the next day. Therefore, sleep might have a 

stronger influence on next day PA than PA has on following night sleep.  

Sleep timing is associated with the timing of the endogenous circadian rhythm i.e. 

later bed and wake times indicate later circadian timing. Our finding that earlier bedtimes and 

wake-up times are associated with higher levels of PA,  in conjunction with previous research 

showing that later bed and wake times are associated with less PA, indicates that there is 

likely an underlying circadian mechanism driving this relationship after TBI.32 Contrary to our 

expectations, higher levels of PA were not associated with better sleep in this sample of 

people with TBI; rather, more PA was associated with lower SE. This differs from previous 

research in breast cancer patients with insomnia which indicated a positive association 

between SE and PA at the inter-individual level,18 or with studies in other populations that did 

not find a relationship between SE and PA.33 There were no significant associations between 

daytime PA and other sleep variables such as TST, SOL, and WASO at the inter-individual level, 

which were expected. This could be due to the large heterogeneity in people with TBI or to 

the fact that other potentially relevant characteristics of PA were not taken into account, such 

as type of PA or the cognitive load which varies across types of PA.34 Furthermore, although 

relationships have been demonstrated in previous research,5 associations were often small-

to-medium and results inconsistent.33 Therefore, these findings are unsurprising.  

Temporal intra-individual associations showed that on days when TBI participants 

spent more time in light activity than usual, they went to bed later that night. In contrast with 

expectations, more PA during the day did not improve the following night’s sleep. However, 

shorter TST and less WASO were associated with more light activity the next day. In line with 

previous research, this suggests that intra-individual variability in sleep quality predicted next 

day PA but not vice versa.16,35 Furthermore, this intra-individual association between shorter 

TST and more PA the next day has also been found in previous studies.18,25 Nonetheless, a 

meta-analysis did not indicate consistent unidirectional associations between PA and sleep.33 

These results together with the small associations that we found suggest that the association 

between sleep and PA might differ across individuals with TBI. Very recent research has 
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suggested this might also be the case in the general population.33 In addition, it might be 

mediated by other factors such as light exposure, timing of the physical activity, season, or 

physical fitness, which we did not control for.36 Furthermore, the different study populations, 

diverse range of measurements and devices used, makes comparisons between studies 

difficult. Therefore, standardized procedures for the assessment, analysis, and reporting of 

this type of data are needed. 

In both patient and non-patient samples, PA is associated with better health.4,37 

People with TBI who exercise regularly have better general health and are less depressed.38 

In addition, positive effects of PA treatment have been found on sleep, cognitive functioning, 

mood, and quality of life in individuals with TBI.39,40 These studies indicate that PA has positive 

effects in multiple domains in people with TBI. In line with previous studies, the results of this 

study showed that more PA was related to less depressive symptoms, however, the direction 

and causality could not be examined with this study. 

 

Limitations   

This study has strong ecological validity, as participants were examined in their own 

environment, and recall bias was limited because of the use of objective measures of both 

sleep and PA. Nonetheless, there were some limitations. While actigraphy is often used to 

measure sleep and activity in the field, and studies comparing the Actiwatch 2 with devices 

commonly used to measure activity, such as the ActiGraph WGT3X-BT and the ActiGraph 

GT1M, show strong correlations between the devices, limitations with actigraphy measures 

in general remain.24,25 Most notably, there is an inability for actigraphy to distinguish between 

different types of activity and the level of exertion required. Additionally, there are activities 

for which the device cannot be worn (e.g. swimming) or that, due to the location of the device, 

it may not register activity (e.g. cycling). While measures of sleep timing can be obtained from 

actigraphy, it cannot provide insight into how PA may impact sleep architecture. A further 

limitation of this study is the use of historical datasets. There were no specific questions 

regarding PA included and only people with TBI with clinically significant fatigue and/or sleep 

disturbances were included. This may limit the generalizability of these findings to the wider 

TBI population. However, sleep disturbances are common following TBI, and especially for 

this group, it is important to examine whether sleep disturbances might be associated with 

decreased physical activity. Finally, the results are from observational data, examining 
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whether PA during the day predicts sleep that night and vice versa and are therefore limited 

in providing insight into the underlying mechanisms. Future studies geared towards exploring 

the causal link between PA and sleep, such as randomized-controlled intervention studies, 

may shed light on the impact of PA on sleep. 

 

 Conclusion 

The results suggest an association between PA and timing of sleep, but more physically active 

TBI participants did not sleep better. Therefore, these results do not suggest a beneficial 

effect of physical activity on sleep following TBI. However, the lack of this association might 

be related to individual differences. The TBI population is known to be a particularly 

heterogeneous group in terms of neuropathology, and in cognitive and behavioral symptoms, 

and therefore PA treatment for sleep disturbances following TBI might need to be individually 

tailored. Furthermore, day-to-day variations showed that sleep may have more of an 

influence on physical activity than physical activity has on sleep in people with TBI. Therefore, 

improving sleep quality may be an important first step to encourage a more physically active 

lifestyle and potentially improve health and quality of life after TBI. However, further studies 

are necessary to confirm these results. 
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Abstract 

Background: Fatigue and sleep problems are common after a traumatic brain injury (TBI) and 

are experienced as highly distressing symptoms, playing a significant role in the recovery 

trajectory, and they can drastically impact the quality of life and societal participation of the 

patient and their family and friends. However, the etiology and development of these 

symptoms are still uncertain. 

Objective: The aim of this study is to examine the development of fatigue and sleep problems 

following moderate to severe TBI and to explore the changes in underlying biological (pain, 

brain damage), psychological (emotional state), and social (support family, participation) 

factors across time. 

Methods: This study is a longitudinal multicenter observational cohort study with 4 

measurement points (3, 6, 12, and 18 months post-injury) including subjective questionnaires 

and cognitive tasks, preceded by 7 nights of actigraphy combined with a sleep diary. 

Recruitment of 137 moderate to severe TBI patients presenting at emergency and neurology 

departments or rehabilitation centers across the Netherlands is anticipated. 

Results: The evolution of fatigue and sleep problems following TBI and their association with 

possible underlying biological (pain, brain damage), psychological (emotional state), and 

social (support family, participation) factors will be examined. 

Conclusions: To the authors’ knowledge, this is the first study that examines the development 

of both post-TBI fatigue and sleep longitudinally within a biopsychosocial model in moderate 

to severe TBI using both subjective and objective measures. Identification of modifiable 

factors such as mood and psychosocial stressors may give direction to the development of 

interventions for fatigue and sleep problems post TBI. 

 

Keywords: Traumatic brain injury; sleep; fatigue; biopsychosocial model. 

 

Trial Registration: Dutch Trial Register NTR7162; 

http://www.trialregister.nl/trialreg/admin/rctview.asp?TC=7162 (Archived by WebCite at 

http://www.webcitation.org/6z3mvNLuy) 
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Introduction 

Traumatic brain injury (TBI) is one of the most serious, disabling neurological disorders, with 

10 million patients affected annually worldwide.1 Consequently, societal costs are high and 

estimated to be around €33 billion in Europe.2 TBIs appear on a spectrum of injury severity 

based on widely recognized injury characteristics. The more frequent mild TBIs are considered 

as trivial and benign injuries as opposed to less prevalent moderate to severe injuries, which 

are associated with long-lasting consequences for the patients and their environment.3 Due 

to the high individual and societal costs associated with extensive rehabilitation needs and 

chronic disability, moderate to severe TBI represents a critical public health issue,4 with 

fatigue and sleep problems playing significant roles in the recovery process.5,6 Between 30% 

to 70% of the patients experience fatigue7 and a meta-analysis indicated that 53% experience 

sleep problems.8 

Study results concerning the presence of fatigue and type of sleep problems post-TBI 

are inconsistent, probably due to different study methodologies; patients are included in 

different time windows since their injuries, injury severity parameters differ across studies, 

measurement instruments are diverse and there is limited consensus on what variables at 

which moment in time should be measured.9 In addition, most studies are cross-sectional and 

not longitudinal in terms of design. This makes it difficult to compare results across studies 

and to draw conclusions about sleep- and fatigue changes after TBI.10,11 Nevertheless, post-

TBI sleep problems and fatigue are often consistently experienced as the most severe and 

distressing symptoms,5 interfering with recovery, rehabilitation treatment and negatively 

impacting the quality of life.12 Furthermore, despite the magnitude and impact of these 

phenomena, the etiology is still debated and no efficacious treatments have been 

established.13 

Recovery from moderate to severe TBI is a time-consuming and long-term process and 

should, therefore, be explained in terms of a disease process. Accordingly, different factors 

may be involved in fatigue and sleep problems at different stages after the injury.14,15 By 

exploring the underlying causes of fatigue and sleep problems and how these symptoms 

develop over time, key periods may be identified in which specific targeted interventions are 

needed. The outcome and prognosis following TBI are extremely variable across individuals 

regardless of the severity of the initial injury,9 which implies that outcome is not only 

influenced by biological factors but should be studied in a biopsychosocial model in which 
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physical, cognitive, affective, and social factors interact with sleep-wake patterns and fatigue. 

7,9,16,17 Previous research has already shown the involvement of biological factors (e.g., 

structural changes in the brain18 and pain19) and psychological (e.g., emotional distress20,21) 

and social components (e.g., community integration and social support22,23) in fatigue and 

sleep problems following TBI. These factors are also involved in sleep and fatigue in other 

chronic diseases such as cancer, multiple sclerosis, and diabetes.24 However, no studies, to 

the authors’ knowledge, have yet examined these biopsychosocial factors in a comprehensive 

model over time to determine the significant underlying factors that contribute to post-TBI 

fatigue and sleep problems. Understanding these complex interactions is crucial to establish, 

explain, and treat fatigue and sleep problems associated with TBI. Therefore, this study 

proposes a biopsychosocial explanation of post-TBI fatigue and sleep problems. 

The aim of the study is to examine the development of post-TBI fatigue and sleep 

problems longitudinally within a biopsychosocial model including several factors in moderate 

to severe TBI. The primary focus of the study will be on subjective fatigue and sleep problems 

post TBI. We hypothesize that the associations between biopsychosocial factors and post-TBI 

fatigue and sleep problems change over time, that is, the associations with biological factors 

are strongest in the first 6 months and then decline, whereas the associations with 

psychological and social factors are initially weak but slowly increase and become apparent 

between 12 and 18 months. Previous research has shown a discrepancy between objective 

and subjective measures of fatigue and sleep in the TBI population.21,25  Therefore, the 

secondary aim of the study is to examine the development of post-TBI fatigue and sleep 

problems with objective measures within a biopsychosocial model. In this paper, the design 

of the study will be presented. 

 

Methods 

Design 

This study is a multicenter, observational, prospective longitudinal cohort study in which 

participants are followed using five assessments during the first 18 months following 

moderate to severe TBI. The Medical Ethics Committee of University Hospital 

Maastricht/Maastricht University (NL60322.068.17) and all participating centers approved 
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the study protocol. The study is registered in the Dutch Trial Register (NTR67162, registered 

on April 10, 2018). 

 

Study Population 

Moderate to severe TBI patients are being recruited from emergency, neurology, and 

rehabilitation departments in several hospitals and rehabilitation clinics across the 

Netherlands. On the basis of a linear mixed regression analysis with a medium effect size 

(f²=0.15), 7 significant predictors, a statistical power of 0.8, an alpha level of .05, and a high 

test-retest reliability of at least 0.8 of the main study variables, the required sample is 103 TBI 

patients.26 A dropout of 25% during the 18-month follow-up is expected based on previous 

studies.27,28 Therefore, 137 patients will be recruited to lead to a total of 103 TBI patients 

being available for the analyses. 

 

Inclusion and Exclusion Criteria 

TBI patients are eligible to participate in this study if they have a clinically confirmed diagnosis 

of a first moderate to severe, closed-head TBI, which is defined as Glasgow Coma Scale 

score<13;29 post-traumatic amnesia (PTA)>24 hours; trauma-related intracranial 

neuroimaging abnormalities; or loss of consciousness (LOC)>30 min.30 In addition, 

participants must be aged between 21 and 70 years, fluent in Dutch, and provide informed 

consent. 

Participants are excluded if they (1) had a prior moderate to severe TBI diagnosed by 

a neurologist or a mild concussion in the last half year; (2) have another condition that may 

interfere with the study outcome (eg, other pre-existing neurological disorder [stroke, brain 

tumor, etc], sleep-wake disturbance, fatigue due to any medical condition other than TBI, 

history of alcohol or drug abuse, prior mental disorder [for which treatment was necessary], 

or pregnancy); or (3) lack the ability to complete questionnaires based on clinical judgment 

(aphasia, severe cognitive impairment). 

Participants meeting the following criteria are excluded during the study: (1) 

participant wants to leave the study or (2) there is a new incidence of TBI, other neurological 

disease/injury, or traumatic injury during the follow-up period. 
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Procedure 

Patients are informed about the study by their treating physician (eg, neurologist, head nurse, 

or rehabilitation specialist). If the patient is interested in participating, a screening visit within 

the first 6 weeks after injury is done by the researcher, during which the informed consent is 

signed (if the patient is eligible and decides to participate). During this visit, demographics 

and pre-injury characteristics are collected. 

The follow-up appointments take place at approximately 3 months (V1), 6 months 

(V2), 12 months (V3), and 18 months (V4) post-injury, within 2 weeks before or after the exact 

follow-up date (ie, time window of 1 month). These visits consist of filling out questionnaires 

and performing cognitive tasks and can take place at Maastricht University, one of the 

participating clinical institutes, or the home of the participant. The visit will be guided by the 

researcher or a research assistant and is always scheduled between 11:00 am and 3:00 pm to 

minimize the effects of the circadian rhythm.31 In the week before these visits, the participant 

will wear an actigraph and fill out a sleep diary for 7 days at home (daily living). A reminder 

phone call is given at the start of the registration period, and during the 7 days, we will phone 

the participants twice to remind them. With the participant’s permission, partners or family 

members of the participant are informed about the study to monitor whether the actigraph 

is worn. Participants receive 10 euros for each follow-up visit, and their travel expenses are 

reimbursed. 

 

Measurements 

The main outcomes are fatigue and sleep. The primary focus of this study is on the subjective 

level of fatigue and sleep problems, affecting the quality of sleep, to address the experience 

of these problems by TBI patients. The relation over time between subjective fatigue and 

sleep and the biopsychosocial predictors shown in Table 1 will be examined. Second, the 

relation between objective fatigue and sleep measurements and the biopsychosocial 

predictors will be examined. An overview of all measurement instruments that are 

administered during the 18-month follow-up is shown in Table 1. The questionnaires are 

implemented in an online format, except for the demographic questionnaire, which is in an 

interview style. All questionnaires included in this study have good psychometric properties 

and have been used in the TBI population before. 
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Table 1. Overview of all measurement instruments for the traumatic brain injury patients and the times of 

administration. 

Parameter  Instrument Screening V1 V2 V3 V4 

Follow-up moment  <6 weeks 3 mos 6 mos 12 mos 18 mos 

Main outcome parameters  

 Subjective fatigue Fatigue Severity Scale32  ✓  ✓ ✓ ✓ 

 Subjective sleep quality Pittsburgh Sleep Quality 

Index33 

 ✓ ✓ ✓ ✓ 

Predictors  

 Pain (subjective) Visual analogue scale 

pain34 

 ✓ ✓ ✓ ✓ 

 Objective cognitive 

performance 

Stroop, COWAT, digit span, 

SDMT35 

 ✓ ✓ ✓ ✓ 

 Physical activity 7 days actigraphy36  ✓ ✓ ✓ ✓ 

 Emotional distress Hospital anxiety and 

depression scale37 

 ✓ ✓ ✓ ✓ 

 Cognitive complaints Dysexecutive 

Questionnaire Revised38 

 ✓ ✓ ✓ ✓ 

 Participation Utrecht Scale for 

Evaluation and 

Rehabilitation-

Participation39 

 ✓ ✓ ✓ ✓ 

 Social support  Multidimensional Scale of 

Perceived Social Support40 

 ✓ ✓ ✓ ✓ 

Secondary outcome parameters  

 Objective sleep wake 

disturbances 

7-days actigraphy41  ✓ ✓ ✓ ✓ 

 Objective fatigue Psychomotor vigilance 

task42 

 ✓ ✓ ✓ ✓ 

Group characteristics and monitor the participants  

 TBI characteristics  Injury severity such as 

structural imaging data, 

LOC, PTA, injury severity 

score; causes of injury; 

comorbid (physical) 

injuries, seizures; drug or 

alcohol intoxication during 

injury from the hospital 

database. 

✓     

 Demographics Age, gender, education, 

marital status, and work 

status 

✓     

 Premorbid sleep Premorbid question of 

PSQI33 

✓     

 Premorbid participation Premorbid frequency and 

satisfaction of the USER-P39 

✓     

 Daytime sleepiness Epworth Sleepiness Scale43  ✓ ✓ ✓ ✓ 
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 Multidimensional aspects of 

fatigue 

Dutch Multi-Factor Fatigue 

Scale44 

 ✓ ✓ ✓ ✓ 

 Subjective sleep-wake 7 days sleep diary45  ✓ ✓ ✓ ✓ 

 Post-traumatic stress 

disorders 

PTSD checklist for DSM-546   ✓  ✓ 

 Coping style Proactive and passive 

coping scale of the Utrecht 

Coping List47 

 ✓   ✓ 

 Drugs/alcohol/medication 

use 

Demographic 

questionnaire 

✓ ✓ ✓ ✓ ✓ 

 Sleepiness preceding the 

task 

Karolinska sleepiness 

scale48 

 ✓ ✓ ✓ ✓ 

COWAT, controlled word association test; SDMT, symbol digit modalities test; LOC, loss of consciousness; PTA, 

post-traumatic amnesia; PSQI, Pittsburgh Sleep Quality Index; USER-P, Utrecht Scale for Evaluation and 

Rehabilitation-Participation; PTSD, post-traumatic stress disorder. 

 

 

Primary Outcome Measures 

Subjective fatigue is measured with the Fatigue Severity Scale (FSS).32 The FSS is widely used, 

and it measures the impact of fatigue on activities of daily life and distress caused by fatigue; 

it includes 9 items related to fatigue, which are rated on a 7-point Likert scale. The mean score 

of the FSS is calculated and ranges from 1 to 7, where a higher score denotes more severe 

fatigue and a mean score of 4 or higher indicates severe fatigue.32 The internal consistency is 

high,32 test-retest reliability is satisfactory, and the FSS can distinguish fatigue in brain-injured 

patients from that of controls.49 

Subjective sleep quality is assessed with the Pittsburgh Sleep Quality Index (PSQI).33 

The PSQI consists of 19 items and examines 7 components, namely, overall sleep quality, 

sleep onset latency, total sleep time, sleep efficiency, sleep disturbances, use of sleep 

medication, and daytime dysfunction. The global score is calculated by adding the 7 

component scores and ranges from 0 to 21, where a lower score denotes better sleep quality. 

The questionnaire can discriminate between “good” and “poor” sleepers, with a global score 

of >5 indicating poor sleep quality.33 The internal consistency and test-retest reliability of the 

PSQI are high, and the PSQI has good concurrent validity with sleep diary data.33 The Dutch 

version of the PSQI has been used to examine sleep quality in acquired brain injury patients.50 
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Predictors 

The development of sleep and fatigue is examined with a biopsychosocial model. Therefore, 

the factors taken into account as predictors can be divided into biological (eg, structural 

changes in the brain and pain), psychological (eg, emotional distress and the burden of 

cognitive impairments), and social components (eg, community integration and social 

support). 

 

Pain 

The general level of pain is measured with a 100-mm visual analog scale.34 The left end of the 

VAS represented “no pain” and the right end represented “most severe pain imaginable” with 

no intermediate divisions or descriptive terms.34 The score ranges from 0 to 10, where a 

higher score indicates more severe pain. Pain intensity in the last 24 hours is measured. The 

VAS is widely used to measure pain in TBI patients,22 and it is suggested as a valid and reliable 

measure.51. 

 

Cognition 

A short test battery is used to assess cognitive performance. The extent to which cognitive 

functioning is affected is used as a proxy for the severity of the brain damage.52  Cognitive 

tasks include measurements of speed, attention, interference, and executive functioning. The 

following 4 tasks are included, and the first 3 tasks are recommended as outcome measures 

in TBI research to measure neuropsychological impairments35: 

1. Stroop task measures response interference control, a cognitive form of 

inhibition/flexibility, and selective attention.53 Previous studies showed inhibition 

deficits following TBI and a slower response time.54  The stroop has good 

psychometric properties.35 

2. Controlled oral word association test (COWAT)55 is a verbal fluency test, which 

measures the spontaneous production of words belonging to a specific category 

or a designated letter. This test measures attentional control, working memory, 

and other components of executive functioning. Focal frontal injuries following TBI 

show a strong association with performance on the COWAT.56 COWAT is a reliable 

measure and is sensitive to TBI severity.57 
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3. Digit span is a working memory task that assesses auditory attention. Both the 

forward and the backward order are used. The digit backward order is especially 

informative for working memory. This task has been used as a marker of cognitive 

deficit and recovery and has a high reliability.57 

4. Symbol digit modalities test (SDMT) is a cognitive test that measures attention and 

processing speed. The SDMT is sensitive to impairments of speed of information 

processing following TBI58 and is a reliable measure.59 

 

Physical Activity 

Daytime levels of physical activity are examined with actigraphy, which is a noninvasive 

method to monitor the rest/activity cycle.36 In addition, actigraphy is used for the secondary 

aim regarding objective measures of sleep. The actigraph is a wristwatch-like device, worn on 

the nondominant wrist, which allows the participant to continue normal routines in the 

natural environment. There is no remote monitoring of whether the actigraph is worn; 

however, the actigraph can be worn continuously during this week also when bathing. The 

actigraph (GENEActiv, Activinsights Ltd, Cambridgeshire, United Kingdom) measures the 

movement/motor activity of the participant, and thereby, the time spent in sedentary 

behavior, light-intensity physical activity, moderate to vigorous physical activity, and vigorous 

physical activity can be determined.36 Participants will wear the actigraph for 1 week. 

 

Emotional Distress 

The level of emotional distress is examined with the Hospital Anxiety and Depression Scale 

(HADS),37 which consists of 14 items. Each item is scored on a 4-point scale, and the total 

score ranges from 0 to 42, where a higher score denotes more psychological distress. The 

HADS includes 2 subscales with each 7 items measuring anxiety and depression with scores 

ranging from 0 to 21. A subscale score of ≥8 is an indicator of depression or anxiety in patients 

with TBI, which is in line with findings of the general population.60 The HADS is a reliable 

measure and has been validated in the TBI population.61 
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Cognitive Complaints 

The Dysexecutive Questionnaire Revised (DEX-R) is used to assess cognitive complaints.38 This 

questionnaire examines cognitive problems in daily life as experienced by the patient. The 

DEX-R assesses 4 domain-general types of dysexecutive problems (metacognition or social 

cognition, executive cognition, behavioral-emotional self-regulation, and activation) and 

comprises 34 items. Each item is scored on a 5-point Likert scale on how often certain 

difficulties related to cognition are experienced. The total score ranges from 0 to 136, where 

a higher score denotes more cognitive problems. The DEX-R is a reliable and valid measure 

38,62 and has been used in the TBI population.63 

 

Participation 

The Utrecht Scale for Evaluation and Rehabilitation-Participation (USER-P)39 is used to assess 

participation. The questionnaire measures 3 aspects of participation: frequency of behaviors, 

experienced participation restrictions due to health conditions, and satisfaction with 

participation. The USER-P consists of 31 items across the three subscales. Each sum score of 

a scale is converted to scores ranging from 0 to 100 where higher scores indicate good levels 

of participation (higher frequency, less restrictions, higher satisfaction). The USER-P is a valid 

and reliable measure in patients with brain injury and test-retest reliability and internal 

consistency of the USER-P are satisfactory.64 

 

Social Support 

The Multidimensional scale of perceived social support (MSPSS) is used to assess social 

support.40 The MSPSS consists of 12-items examining perceived social support from family, 

friends, and significant other. Each item is rated on a 7-point Likert scale. The mean total score 

ranges from 1 to 7 where a higher score denotes more perceived social support. The MSPSS 

has shown good psychometric properties40 and has been used in TBI patients.65 

  

Secondary Outcome Measures 

Previous research has shown a discrepancy between objective and subjective measures of 

fatigue and sleep in the TBI population.21,25 Therefore, as the secondary aim objective 

measures of fatigue and sleep, are included in this study. 
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Fatigue is measured objectively with the 10-minute Psychomotor vigilance task (PVT), which 

is a sustained attention, reaction-time task, often used in sleep and fatigue research.42 The 

PVT is a simple, reliable, and sensitive task for measuring performance and attentional deficits 

due to fatigue.66 When performing the PVT the response time to visual stimuli, occurring at 

random inter-stimulus intervals is measured. The task has good psychometric properties, has 

been validated, and has been used in TBI patients.67  

Sleep problems are examined objectively with the actigraph described previously which 

measures sleep-wake patterns during 1 week. Actigraphy has shown to be a satisfactory 

objective estimate of sleep especially for global sleep parameters including total sleep time, 

sleep onset latency, and sleep efficiency.41 Multiple studies have included actigraphy to 

examine sleep in TBI patients25,68,69 and shown that actigraphy is a reliable method for 

monitoring sleep in this population irrespectively of the injury severity.70  

 

Group Characteristics and Monitoring Participants 

Injury-Related Characteristics Information regarding the injury such as time since injury, injury 

severity parameters (eg, intracerebral abnormality on structural imaging data, LOC, PTA, 

injury severity score), causes of injury, comorbid (physical) injuries, seizures, and drug or 

alcohol intoxication during injury will be retrieved from the hospital database. 

Demographics The demographic questionnaire asks about age, gender, education, marital 

status, level of occupational achievement, psychological, and medical history. In addition, this 

questionnaire assesses medication, drugs, and alcohol use. 

Daytime Sleepiness The Epworth Sleepiness Scale (ESS) is used to examine daytime 

sleepiness.43 The ESS measures general level of daytime sleepiness and sleep propensity with 

8-items. Each item is scored on a 4-point scale indicating the chance of dozing off and the 

total score ranges from 0 to 24 where a higher score indicates more daytime sleepiness. A 

score of ≥11 indicates clinically significant subjective sleepiness.43 The ESS is widely used in 

TBI research71 and has a reasonably high reliability.72   

Multidimensional Aspects of Fatigue The Dutch Multi-Factor Fatigue Scale (DMFS) is used to 

measure the multidimensional aspects of fatigue. The DMFS is a newly developed 

questionnaire that examines several factors of fatigue following TBI, including impact of 

fatigue, mental fatigue, signs and direct consequences of fatigue, physical fatigue, and coping 

with fatigue.44 The DMFS consists of 38 items rated on a 5 point scale Likert scale with higher 
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scores on each subscale indicate more severe fatigue. This questionnaire is specifically 

developed to measure the multi-facets of fatigue following acquired brain injury.44 

Subjective Sleep-Wake Patterns The relevant questions of the consensus sleep diary, which is 

a standardized sleep diary (SD) developed by insomnia experts,45 are used to examine 

subjective sleep-wake patterns and for better interpretation of actigraphy data. The SD 

includes the core questions: (1) the time of getting into bed; (2) the time at which the 

individual attempted to fall asleep; (3) SOL; (4) duration of awakenings; (5) time of final 

awakening; (6) final rise time; (7) perceived sleep quality (rated via Likert scale).45 An 

additional question about napping/dozing is added. The diary is completed in the morning 

and is filled out for 7 consecutive days concurrent with the actigraphy. SD are a reliable and 

validated measure to examine sleep.73 

Post-Traumatic Stress Disorder The presence of Post-traumatic stress disorder (PTSD) is 

determined with the PTSD Checklist for DSM-5 (PCL-5), a 20-item self-reported measure 

corresponding to the DSM-5 symptom criteria for PTSD.46 Each item is rated on a 5-point scale 

Likert scale and the total score ranges from 0 to 80 where a higher score denotes more severe 

PTSD symptoms. A score of 33 or higher is suggested as an indication of PTSD.46 The PCL-5 is 

a reliable measure with strong validity.74 PTSD occurs in 18-27% of the cases following severe 

TBI.75,76 To check whether PTSD is the underlying cause of elevated stress and since PTSD 

takes time to develop the PCL-5 is only assessed at visits 2 and 4. 

Coping Style Passive reaction coping style and active problem-solving coping style are 

examined with the Utrechtse Coping Lijst (UCL), which will differentiate active approach vs 

passive approach.47 Since this study only includes active and passive coping the questionnaire 

will consist of 14 items scored on a 4-point Likert scale. Scores for both subscales range from 

7 to 28 where higher scores denote a higher preference for that coping style. Both subscales 

show fairly good internal consistency and reasonably high test-retest reliability in the Dutch 

population.77 The UCL has been used in Dutch TBI patients before and showed limited 

variability over time therefore coping styles are only assessed at visits 1 and 4.78  
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Sleepiness Preceding the Task Sleepiness before the PVT is assessed with the Karolinska 

sleepiness scale (KSS).48 The KSS consist of 1 item on a 9-point Likert scale ranging from 

extremely alert to very sleepy, great effort to keep awake, where a higher score denotes 

greater sleepiness. The subject indicates the sleepiness level of the preceding 5 min. The test-

retest reliability and the construct validity of the KSS are high.79 

 

Statistical Analyses 

Descriptive statistics will be used to present mean scores and SDs at each time point of the 

outcome measures and predictive variables. Normality and assumptions will be checked. 

Next, 2 linear mixed regression analysis80 will be performed to evaluate the associations 

between the predictive (independent) variables (pain, cognitive impairment, physical activity, 

emotional distress, cognitive complaints, social support, and participation) and the primary 

end point (subjective sleep quality and fatigue) across time. For each of the 2 primary end 

points, we will first determine whether these associations with predictors change across the 

4 time points (ie, time by predictor interactions). In case of a significant interaction, simple 

interaction contrasts comparing consecutive time points will be used to determine whether 

the association between predictor and primary end point decreases or increases. Bonferroni 

correction will be used to adjust for multiple testing.  

For the secondary objectives, the temporal relation between objective fatigue, 

objective sleep, and the predictive variables of the biopsychosocial model will be examined 

with the same linear mixed-effects regression analyses as used for the primary objectives. 

 

Results 

Recruitment of participants for this longitudinal cohort study started in October 2017, and 

the enrollment of participants is ongoing. The first results are expected at the end of 2020. 

 

Discussion 

This study describes the protocol of a longitudinal cohort study examining fatigue and sleep 

following moderate to severe TBI and the underlying predictors with a biopsychosocial model.  

There are several reasons why this cohort study is innovative. First, this study has a 

longitudinal design. To the authors’ knowledge, there are only 3 longitudinal follow-up 
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studies examining fatigue or sleep following moderate to severe TBI in the first 12 to 24 

months post-TBI.22,81,82 These studies had a much smaller sample size and focused on fatigue 

or sleep separately. 

Second, even though fatigue and sleep are closely related, they can be affected 

independently, and problems with fatigue and sleep do not always co-occur.15 Therefore, this 

study examines fatigue and sleep concurrently in a follow-up design to better understand 

their common and unique manifestations, as was also recommend by Cantor and 

colleagues.15 

Third, this study uses a biopsychosocial explanation of post-TBI fatigue and sleep 

problems.9 Multiple researchers suggested integrated biopsychosocial approaches for future 

studies to best explain the outcome of TBI.83-86 However, few studies have yet examined 

multiple identified biopsychosocial factors in a comprehensive model over time to determine 

the significant underlying factors that contribute to post-TBI fatigue and sleep problems. 

Understanding these complex interactions is crucial to establish, explain, and treat fatigue 

and sleep problems associated with TBI. 

Finally, this study uses both subjective and objective measures to examine fatigue and 

sleep. Previous research has shown discrepancies between objective and subjective measures 

of fatigue and sleep in the TBI population.21,25 Therefore, it is important to include both 

measures. However, most studies only include subjective or objective measures of fatigue 

and sleep. 

A limitation of this study is that the extreme, severe multi-trauma patients will not be 

included in the study because they may not be recognized as TBI due to severe multiple 

physical injuries and they may not be able to participate due to their injuries. This may 

jeopardize the generalizability of the results to all moderate to severe TBI patients. 

To the authors’ knowledge, this study will be the first that examines the development 

of both post-TBI fatigue and sleep longitudinally with a biopsychosocial model in moderate 

to severe TBI and that will differentiate between fatigue and sleep using both subjective and 

objective measures. Identification of modifiable factors such as mood and psychosocial 

stressors may give direction to the development of interventions for fatigue and sleep 

problems post-TBI that subsequently lower the burden for the patient and may prevent the 

development of secondary symptoms and complaints such as depression. 
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General discussion 

The present thesis aimed to explore fatigue and sleep following acquired brain injury (ABI), 

with a specific focus on moderate-severe traumatic brain injury (TBI). Sleep disturbances and 

fatigue are common following all forms of ABI and negatively affect social, physical, cognitive, 

and general functioning.1 This leads to reduced capacity for activities such as work, social 

relationships, studying, leisure activities and, less functional independence.2 Despite this 

impact, the experience of fatigue and sleep disturbances following ABI is still poorly 

understood. 

This thesis provided a novel perspective on the assessment of fatigue following ABI 

and explored the behavioural and neurobiological underpinnings of fatigue following TBI 

(chapters 2, 3, and 4). In addition, the relationship between sleep disturbances and physical 

activity following TBI was examined (chapter 5). Furthermore, the protocol of a follow-up 

study examining sleep and fatigue using a biopsychosocial model is described (chapter 6). In 

this last chapter, the main findings and implications of these studies are discussed together 

with the strengths and limitations. Finally, suggestions for future research are proposed. 

 

Discussion of and reflection on the main findings 

Assessment of fatigue following ABI 

Mental fatigue following ABI is often assessed subjectively and most questionnaires ask about 

fatigue in retrospect, for example ‘how fatigued were you feeling last week’ or include general 

statements about fatigue such as, ‘I am easily fatigued’. This might lead to a response bias 

because people often look back at the worst fatigue they had during that week and may thus 

overestimate their fatigue level.3,4 Furthermore, people with ABI often experience cognitive 

problems and have difficulties in reporting their levels of fatigue over the past period.5 

Therefore, objective measures of fatigue are recommended in this population.6 However, the 

few objective measures available, such as electroencephalography, are very time-consuming 

and difficult to apply in the clinic and in research. Therefore, in chapter 2 we assessed 

whether fatigue can be measured objectively following ABI using the Psychomotor Vigilance 

Test (PVT), which is a simple and easy-to-use reaction time test. It was found that 

performance on the PVT was not only related to both trait and state fatigue, but also to 

symptoms of depression and daytime sleepiness. The PVT can thus not be used as a specific 
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measure for fatigue, but seems to be a more general measure of severity of symptoms 

including fatigue, mood, and sleepiness. Therefore, this test may be a useful measure to 

examine changes in these symptoms over time or interventions aimed at reducing these 

symptoms. 

This association between PVT performance and several other symptoms besides 

fatigue, emphasizes how difficult it is to isolate fatigue from other often closely related 

symptoms and the challenge to measure exclusively fatigue using objective measures. This is 

not surprising since fatigue is a consequence of several conditions that frequently co-exist, 

such as sleep problems, depression, and the use of medication or substances such as alcohol 

and drugs.7,8 These conditions and fatigue all interact with each other. On top of that, fatigue 

is one of the core symptoms included in the diagnostic criteria for several disorders such as 

depressive and anxiety disorders.9 Nonetheless, from a theoretical perspective, fatigue 

should be considered as a distinct phenomenon even though overlap exists with depression 

or sleep problems.10 Furthermore, all potential causes of fatigue should ideally be assessed 

to establish the best treatment.11 

In this thesis, a distinction was made between trait fatigue, which is a more stable 

characteristic that can be assessed with questionnaires that ask about fatigue levels in 

general, and state fatigue or momentary fatigue, which assesses the experience of fatigue at 

a particular moment. It was found that after controlling for mood and daytime sleepiness, 

trait fatigue was no longer a predictor of PVT performance (chapter 2). In contrast, state 

fatigue remained a predictor of PVT performance even after controlling for mood and daytime 

sleepiness. This distinction between state and trait fatigue has become more common in 

recent literature.12,13 In line with the results from this study, state fatigue might be a better 

predictor of behaviour or task performance at that moment than trait fatigue.14 

Several studies have tried to find an objective measure of fatigue following ABI.15-17 

However, even though several attempts have been made to measure fatigue objectively, 

there is still no golden standard to measure mental fatigue objectively. This is not just the 

case for fatigue following ABI, but for measuring mental fatigue in general.  An abundance of 

measures is currently used to assess mental fatigue, including all sorts of performance tasks, 

physiological measures, and over 30 different scales.18 This lack of consistency in measures of 

mental fatigue makes it difficult to compare results across studies and creates a scattered 

picture of conclusions and advices. Future research can benefit from the search for an 
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objective marker that is consistently associated with fatigue specifically. Nonetheless, our 

research using PVT and other researchers using different cognitive tests indicate that 

performance on specific tasks is sensitive to fatigue.10,15-17 A combination of both subjective 

and objective measures of fatigue might be the best approach to capture the complex nature 

of fatigue. These objective measurements might be specifically useful to measure changes 

over time and the effect of interventions aimed at reducing fatigue. 

 

Behavioural and neurobiological underpinnings of fatigue following TBI 

One of the dominant theories about fatigue following TBI, the coping-hypothesis, suggests 

that fatigue is the result of constant compensatory effort needed to overcome information-

processing difficulties.19-21 Therefore, everyday routine tasks require more mental effort and 

this might lead to increased feelings of fatigue. Furthermore, recent neuroimaging studies 

proposed that fatigue is the result of a discrepancy between the perceived effort to perform 

a task and the derived reward (this reward can be as simple as performing well), which might 

be related to a dysfunction of the corticostriatal pathway following TBI.14,22-26 In chapter 3, 

the relationship between subjective mental effort and state fatigue and the recovery from 

task-induced fatigue was examined. State fatigue was indeed related to the effort invested in 

the task, but this association was not different in people with TBI compared to controls. 

Therefore, this study could not explain fatigue due to a higher vulnerability to task-induced 

mental effort. In addition, the recovery from task-induced fatigue was not slower in people 

with TBI. However, it is worth mentioning that state fatigue levels were consistently higher in 

people with TBI compared to controls. Therefore, as a follow-up, it was examined whether 

these increased levels of fatigue following TBI might be related to differences in functional 

connectivity during resting-state scans (chapter 4). Diffuse axonal injury may occur due to 

(moderate-severe) TBI, and results from the fast accelerating or decelerating forces to the 

head, causing shearing of long axon connections within the brain.27 Consequently, this might 

lead to disturbances in functional connectivity of the brain’s networks necessary for the 

processing of information.28 Functional connectivity of the brain can be examined using 

functional magnetic resonance imaging (fMRI). Chapter 4, used a rest-task-rest design to 

examine fatigue-induced changes in resting-state functional connectivity in the striatum and 

default mode network (DMN) in people with moderate-severe TBI compared with matched 

healthy controls. The results suggested that the subjective experience of fatigue was similarly 
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linked to altered DMN connectivity and was differently associated with striatal connectivity 

in people with TBI compared to HC. Structural and activity alterations in the striatum have 

consistently been associated with fatigue in multiple neurological populations including TBI, 

multiple sclerosis, stroke, and Parkinson's.14,23,24,29-33 Our results that indicated an association 

between altered striatal connectivity and fatigue in people with TBI contribute to the growing 

body of evidence that the striatum might play a role in fatigue in neurological disorders.22,26 

We found similar associations between DMN connectivity and fatigue in people with TBI and 

healthy controls. The DMN has been associated with internal thoughts and mind 

wandering.34,35 Enhanced rsFC between areas of the DMN and areas of other networks such 

as the salience (insula) and executive control network (superior frontal gyrus, frontal pole), 

as was found in our study, could indicate less internal focus and self-reflection in response to 

fatigue or fatigue-related compensatory connectivity.53  

  Thus, increased levels of fatigue following TBI could not be explained by a higher 

vulnerability to the effects of effort or a longer recovery period from fatigue. However, 

altered striatal connectivity might be associated with the subjective experience of fatigue and 

could be a neural correlate of fatigue following TBI. Nonetheless, studies in large samples are 

necessary to confirm our findings. Previous studies in search of biological explanations for 

fatigue following TBI, such as pituitary dysfunction, inflammatory processes, or neural 

correlates are inconsistent.37 The difficulty with finding biological underpinnings of fatigue 

might be related to the difficulty defining fatigue, since fatigue itself is multidimensional 

including cognitive, emotional, motivational, and physical dimensions. In addition, fatigue is 

associated with several factors such as depression and sleepiness, as also described in chapter 

2. Research on fatigue and sleep might therefore benefit from a biopsychosocial approach. 

We teach our students: “A brain lives in a head (bio) of a person (psycho) who lives in a part 

of the world (social)”. With the studies in chapter 2, 3, and 4, we have focused on task 

performance but the person, internal state (such as emotions, personality), and the world, 

external state (such as the environment and demands that are placed on the individual), have 

not received much attention in our research. The high levels of fatigue as reported by many 

studies and found in our research might be associated with the complex demands of everyday 

life and the adjustments people with a brain injury need to make to their lives.38 Thus fatigue 

levels are probably driven by a combination of functional impairment, emotional distress, and 

lifestyle demands. Furthermore, increased levels of fatigue are present in most neurological 
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disorders, such as multiple sclerosis or Parkinson’s disease but also in many non-neurological 

diseases such as cancer, diabetes, or inflammatory and infectious diseases.39,40 This indicates 

that high levels of fatigue are not a specific symptom of ABI and a broader focus than just the 

brain injury itself might be needed to advance our understanding of fatigue and to find a 

trans-diagnostic explanation for fatigue. Overall living with a disorder requires adjustments 

to everyday life, which might require an increased investment of effort and might thus lead 

to increased levels of fatigue.41  

 

Relationship between sleep and physical activity following TBI 

Sleep and physical activity are thought to have a bidirectional relationship whereby poor sleep 

might be associated with less physical activity and lower physical activity levels may be 

associated with poor sleep.42 People with TBI often report sleep disturbances which might 

provoke a tendency to rest more during daytime (be less physically active), and this may, in 

turn, lead to the maintenance of sleep disturbances.43 In chapter 5, the day-to-day 

bidirectional relationship between physical activity and sleep was examined in people with 

TBI. One of the main findings was that sleep may influence physical activity the next day, but 

that physical activity does not affect sleep the following night. That sleep affects next-day 

physical activity, but not the other way around has been found in other studies as well 

including different populations, such as people with bipolar disorder or chronic pain.44,45 

These results suggest that improving sleep quality may be an important first step to 

encourage a more physically active lifestyle, which could increase participation and thereby 

potentially improve health and quality of life after TBI. Our results did not suggest a beneficial 

effect of physical activity on sleep in people with TBI. Nevertheless, positive effects of physical 

activity treatment on sleep, mood, cognitive functioning, and quality of life have been found 

in people with TBI.46,47  

Cross-sectional associations between depressive mood, physical activity, and sleep 

are often reported and were also found in our study.7,48 Physical activity is also related to 

feelings of fatigue. Lenaert and colleagues used the experience sampling method (ESM, i.e. 

asking participants to report their feelings, thoughts, behavior, and environment at several 

moments over time) to determine associations between physical activity and fatigue in 

people with stroke.49 They found that physical activity was a predictor of fatigue at that 

moment and at a later time point and that this was especially the case for physical fatigue, 
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but also to a lesser extent for mental fatigue.49 It would be interesting to include measures of 

sleep in these types of studies to explore the associations between sleep, fatigue, and physical 

activity. Especially considering that fatigue and sleep disturbances are often related and might 

support each other.7 People who have trouble sleeping often feel fatigued and an extremely 

fatigued person might start napping during the daytime leading to trouble falling asleep.43 

Moreover, a fatigued person is less likely to engage in exercise.47 

Both sleep and physical activity are important for general health and wellbeing. Our 

results suggest that improving sleep might be a good starting point to support physical 

activity. Furthermore, sleep is a vital function that is essential for both mental (e.g. emotion 

and cognition) and physical health (immune system and hormone balance).50 Sleep hygiene 

interventions might be a simple starting point to improve sleep quality. Sleep hygiene 

interventions consist of recommendations about healthy sleep habits, such as having a stable 

sleep schedule, making your bedroom comfortable and free of disruption, or avoiding 

caffeine or alcohol in the hours before bedtime.51 This intervention is low in cost and risk, 

non-invasive, and easily applicable. Sleep hygiene education is an element of cognitive 

behavioural therapy for insomnia (CBT-I).52 Multiple studies have suggested that CBT-I 

improves insomnia symptoms following brain injury.53-55 

CBT-I is based on the 3-P model (diathesis-stress model) of insomnia, which explains 

the development of chronic sleep problems as resulting from three factors: predisposing, 

precipitating, and perpetuating factors.56 Predisposing factors are individual characteristics 

or circumstances that make a person more vulnerable to develop insomnia such as a tendency 

to worry or living in a noisy environment. Precipitating factors are stressful events that may 

trigger an acute episode of insomnia symptoms, such as job loss, disease, or loss of a loved 

one. TBI could be a precipitating factor. Following TBI there might be many acute changes 

including physical or neurological changes, and pain. Subsequent development of 

psychological problems such as depression or anxiety may perpetuate the sleep problems, 

especially when combined with behavioural changes that maintain the sleep problem, such 

as daytime napping and irregular bed- and wake times to catch up on sleep, lack of activity, 

and excessive worrying about sleep and possible consequences of sleep loss. Once the sleep 

problems have established, education about sleep hygiene is often not enough to treat sleep 

problems. However, early education about sleep hygiene following TBI might prevent the 

development or minimize the severity and duration of sleep problems.57,58 This might have 
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long-reaching benefits since better sleep may advance recovery, increase activity, and 

improve quality of life.59      

 

Strengths and methodological considerations 

The strength of the research in this thesis is the use of diverse measurement techniques to 

explore fatigue and sleep following ABI with a focus on moderate-severe TBI. Fatigue was 

examined subjectively using questionnaires assessing trait and state fatigue, and objectively 

using task-performance and functional connectivity in the brain. Sleep has also been assessed 

using both self-report and objective actigraphy measurements over multiple days. 

Furthermore, something relatively unique to some of the studies in this thesis was the 

attempt to have equal levels of effort between people with TBI and healthy controls by using 

an adaptive task. Most studies use the same task for both groups and therefore people with 

TBI often need to invest more effort to perform the task and consequently experience higher 

levels of fatigue. There were however also some limitations in the studies in this thesis.   

 

Study design 

The studies in this thesis that aimed to understand fatigue following TBI better, all examined 

momentary or state fatigue on the one day of the research visit, as in most studies examining 

fatigue and sleep problems following brain injury. This way of measuring is less time-

consuming, but cannot assess necessary causal relationships as can be done using longitudinal 

research designs (chapter 6). Furthermore, the outcomes of these one day measurements 

might be influenced by the mental state of the person, time of day, and even fatigue after 

long assessment sessions. Just as brain functional connectivity, which is often compared 

between two groups at one moment and then interpreted as a trait, is influenced by the 

mental state of a person (chapter 4).60 Another approach would be to measure multiple times 

per day over multiple days and then over several months to gain more insight into how 

symptoms of fatigue and sleep disturbances change over time and which factors are 

associated with these symptoms. This is done in the ongoing study described in chapter 6 

using a longitudinal research design and could also be explored using ESM. This approach 

would give more insight into intra- and inter-individual differences. An understanding of 

individual associations between sleep, fatigue, and other symptoms might aid in exploring for 
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which, person/group a certain treatment would be most beneficial. However, this is a very 

time-consuming form of research and requires much effort and commitment from 

participants. Nonetheless, in a small ABI sample, using ESM for six consecutive days, feasibility 

and response rates were high.61,62 This indicates that ESM might be an effective method to 

gain more insight into fatigue and sleep disturbances following ABI.  

 

Sample bias/ heterogeneous group 

The TBI population is often described as a heterogeneous group. Due to diffuse axonal injury, 

damage to the brain can be very diverse, and even though specific groups are more at risk to 

sustain a TBI such as elderly, young males, and children, it can happen to anyone.63 This is also 

represented in the demographic tables of chapter’s 2 to 5, with age ranges between 18 and 

70 and all education levels present. Furthermore, the use of psychotropic medication is high 

in people with TBI.64 This means that there are many other factors to control for when 

examining TBI and this makes it difficult to compare results across different studies. 

Furthermore, time since injury is often broad, to reach the required sample sizes. Even though 

not consistently found, time since injury can be associated with levels of fatigue or sleep 

disturbances. Fatigue for example has been reported to increase over time after TBI,65 

therefore including participants in a specific time frame post-injury might be necessary to 

reduce heterogeneity of the sample. In addition, the route of inclusion might bias the sample. 

Participants recruited in the chronic phase via rehabilitation centers or hospitals, as was the 

procedure in most studies described in this thesis, might represent the group that experiences 

the most long-term consequences of ABI. This might bias the samples towards people with 

the worst long-term outcome following ABI. On the other hand, this group might benefit the 

most from new insights of research. However, these and many other inter-individual 

differences, such as coping strategies and personality, should be taken into account to explore 

the relationship between TBI and fatigue and sleep disturbances. Furthermore, these inter-

individual differences, heterogeneity of the injury, and outcomes are what make it 

challenging to find effective ways to improve recovery following injury and define who will 

benefit from specific treatments.   
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Future research 

Some ideas for future studies to further explore fatigue and sleep following ABI have already 

been proposed previously in this chapter. As described in chapter 6 and as mentioned earlier, 

studies could examine fatigue and sleep, using a biopsychosocial approach since this might 

better capture the multidimensional nature of fatigue and sleep and several factors related 

to these symptoms. Furthermore, sleep disturbances and fatigue are often reported over a 

longer period after the TBI, up until many years following the injury.1,7,66-70 In addition, the 

association between these symptoms and other factors, such as injury severity, depression, 

and participation in society, might depend on the time since injury. Biological factors, such as 

injury severity and brain areas damaged, might play a large role directly after the injury.71-75 

While injury severity is rarely a predictor for sleep disturbances or fatigue in the long term.43 

From six months to a year or more after the injury psychosocial factors, such as depression 

and social support, are shown to be associated with sleep disturbances and fatigue.67,76-79 

There is a need for longitudinal studies to examine the time-dependent changes in factors 

contributing to sleep disturbances and fatigue in people with TBI using a biopsychosocial 

model (chapter 6). Ideally, such studies should include objective measures of sleep and 

fatigue (e.g. actigraphy and PVT) in addition to subjective rating scales, to examine their 

relationships over time. For example, it would be interesting to know whether changes in 

subjective complaints precede or follow changes in sleep-wake behaviour or changes in 

cognitive performance. 

The next step could be to explore treatment options for fatigue or sleep disturbances. 

At the moment, the results of treatment studies for these symptoms following TBI are mixed 

and require further research.80-82 Given the multifactorial nature of both fatigue and sleep 

disturbances, future research could focus on finding causative factors for each individual and 

focus on interventions targeting these causes. For some, fatigue might be caused by exercise, 

while for others it might be more related to mental activities, stress, a lack of sleep, or a 

combination of different factors. This might be why there is still a lack of proper treatment 

for fatigue since the underlying trigger for fatigue might be different for each individual with 

TBI. Large follow-up studies with limited exclusion criteria could explore whether we can 

predict who will experience long-term symptoms following ABI. To explore associations 

between behaviour that might cause fatigue per individual, ESM could be used, in which data 

is collected repeatedly and momentary during everyday life. This is done in ongoing research 
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at this moment. The treatment can then be tailored to the individual’s associations between 

behaviour and fatigue. Intervention studies might better answer questions related to 

causality than observational studies. In addition, using these methods it might be possible to 

divide the ABI population into subgroups and predict who will experience symptoms, and 

start efficient treatment early. 

 

Concluding remarks 
The studies discussed in this thesis measured high levels of fatigue and poor sleep quality in 

people with ABI, with most studies focusing on moderate-severe TBI. The high levels of fatigue 

could not be explained by a higher vulnerability to the fatigue-inducing effects of effort or a 

slower recovery from task-induced fatigue. However, altered striatal connectivity might 

represent a neural correlate of fatigue and could thus be an underlying mechanism of fatigue 

following TBI. Due to the multidimensional nature of fatigue, assessment of fatigue might 

best include both subjective and objective measurements. These objective measures might 

be specifically useful to assess changes in fatigue over time or the effect of interventions 

aimed at reducing fatigue. Sleep problems following TBI were not associated with decreased 

physical activity. However, nightly variation in sleep might affect next-day physical activity, 

suggesting that improving sleep quality might be relevant to support a physically active 

lifestyle in people with TBI. Results of our ongoing longitudinal study examining the course of 

sleep and fatigue within a biopsychosocial model will add to our understanding of fatigue and 

sleep following TBI. 
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Summary 
 

Acquired brain injury (ABI) is an umbrella term for brain injuries that occur after birth and can 

be separated into traumatic and non-traumatic brain injuries. Moderate-severe traumatic 

brain injury (TBI) is the main focus of this thesis and refers to a disruption of the function of 

the brain caused by an external force such as a fall or traffic accident. In the disease processes 

following all severities of ABI, fatigue and sleep disturbances are highly prevalent and may 

last from the initial recovery phase up until years post-injury. Furthermore, these symptoms 

are associated with poorer social, physical, cognitive, and general functioning. This leads to 

reduced capacity for performing activities such as work, studying, leisure activities, and less 

functional independence and social relationships. Fatigue and sleep disturbances following 

ABI are still poorly understood and the behavioural and neuronal underpinnings and 

associated factors require further investigation. 

 

In chapter 2, the results of an observational cross-sectional study evaluating the construct 

validity of Psychomotor Vigilance Test (PVT) performance for measuring fatigue in people 

with ABI are presented. The PVT is a simple reaction time task that is sensitive to sleep loss 

and fatigue. Fifty-four people with ABI participated in this study and performance on the PVT 

was compared to that of 61 healthy controls (HC). People with ABI performed worse on the 

PVT compared with HC. Within the ABI group, worse PVT performance was associated with 

increased levels of trait fatigue and state fatigue following the task, thereby indicating 

convergent validity. However, daytime sleepiness and mood were also associated with PVT 

performance indicating a lack of divergent validity. Furthermore, after controlling for daytime 

sleepiness, mood, and sleep quality, general fatigue was no longer a significant predictor of 

PVT performance, while state fatigue following the task remained a predictor. These results 

indicate that PVT performance cannot be used as a specific measure of fatigue but it appears 

to be a more general measure of severity of symptoms commonly following ABI including 

fatigue, mood, and daytime sleepiness. Therefore, the PVT might be useful to assess the 

effects of interventions aimed at reducing these symptoms. 

 

Chapter 3 presents the results of an exploratory case-controlled study examining whether the 

same amount of effort leads to similar feelings of fatigue in people with TBI and HC and 
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whether feelings of fatigue resolve at the same rate in people with TBI compared to HC. Post-

TBI fatigue has been suggested to be due to the constant compensatory effort needed to 

overcome information-processing difficulties. Twenty participants with TBI and 20 matched 

HC were included in this study. To gain insight into the relationship between effort and 

fatigue, participants performed an adaptive N-back task, in which task difficulty was adapted 

to performance allowing both groups to invest substantial amounts of mental effort. The main 

outcome measures were subjective mental effort upon task completion and state fatigue 

levels before and in the 30 minutes following the task. Participants with TBI reported higher 

levels of fatigue and effort compared to HC. There was a positive association between effort 

and fatigue and this relationship was not different between the groups. In addition, the 

recovery curve of fatigue did not differ between the groups. Therefore, this study could not 

explain the excessive levels of fatigue following TBI by a higher vulnerability to the fatigue-

inducing effects of mental effort or a slower recovery from fatigue in people with TBI 

compared to HC. These results suggest that fatigue might be better explained by the complex 

demands of everyday life such as external (environment; multi-tasking) and internal 

(emotions, rumination) factors. 

 

In chapter 4, it was explored whether excessive feelings of fatigue following TBI could be 

explained using resting-state functional connectivity (rsFC). In this case-controlled study, 

participants underwent resting-state functional magnetic resonance imaging and rated their 

state fatigue level before and after a fatigue-inducing task (adaptive N-back task see chapter 

3). Sixteen participants with moderate-severe TBI and 17 matched HC were included. The 

adaptive N-back task was effective in inducing fatigue in both groups. Seed-to-voxel analyses 

with seeds in areas involved in mental fatigue, namely the striatum and default mode network 

(DMN) including, medial prefrontal cortex and posterior cingulate cortex, were performed. 

These analyses revealed that rsFC between striatum and precuneus was positively associated 

with subjective task-induced fatigue in people with TBI, while there was a negative association 

in HC. In contrast, rsFC between striatum and cerebellum was negatively associated with 

subjective task-induced fatigue in the TBI group, while there was no association in HC. Similar 

associations between task-induced fatigue and DMN rsFC were found across the groups. 

These results suggest that the subjective experience of fatigue was linked to DMN 

connectivity in both groups and was differently associated with striatal connectivity in people 
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with TBI compared to HC. Further knowledge of striatal connectivity as a neural correlate of 

fatigue could increase our understanding of the mechanisms behind fatigue in people with 

TBI and maybe assist in the diagnosis and treatment of fatigue. 

 

Chapter 5 focused on sleep following TBI and presents the results of a cross-sectional study 

examining the bidirectional relationship between physical activity and sleep. Day-to-day 

associations between sleep and physical activity were examined in 64 people with TBI using 

actigraphy in corroboration with sleep diaries over 14 consecutive days. The results showed 

no association between daytime physical activity and sleep duration or continuity the 

following night. In contrast, less wake after sleep onset and shorter sleep time were 

associated with more light physical activity during the next day. These results suggest that 

sleep has more of an influence on physical activity than physical activity has on sleep in people 

with TBI. Therefore, improving sleep quality might be important to encourage a physically 

active lifestyle in people with TBI. 

 

Chapter 6 describes the study protocol of a longitudinal multicentre observational cohort 

study examining the course of fatigue and sleep disturbances over 1.5 years following 

moderate to severe TBI. The factors underlying the development of persistent fatigue and 

sleep disturbances are examined with a biopsychosocial model, which includes biological 

factors (e.g. severity of the injury and pain), psychological factors (e.g. emotional state) and, 

social factors (e.g. support from the environment and participation). It is expected that all 

these factors can contribute to fatigue and sleep disturbances, but that the relative 

contribution of each factor may change over time. The study consists of four measurement 

points at 3, 6, 12, and 18 months post-injury, including subjective questionnaires and 

cognitive tasks, preceded by seven nights of actigraphy combined with a sleep diary. 

Identification of modifiable factors such as mood and psychosocial stressors may give 

direction to the development of interventions for fatigue and sleep problems following TBI. 

 

Chapter 7 describes a general discussion and reflection on the main findings of this thesis, 

together with the implications and limitations. This chapter ends with suggestions for future 

research. The high levels of fatigue following TBI measured in the studies of this thesis could 

not be explained by a higher vulnerability to the fatigue-inducing effects of effort or slower 
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recovery from task-induced fatigue. However, altered striatal connectivity might present a 

neuronal correlate of fatigue following TBI and could be further explored to possibly assist in 

the diagnosis and treatment of fatigue. Nightly variation in sleep might affect next-day 

physical activity, suggesting that improving sleep quality might be relevant to support a 

physically active lifestyle in people with TBI. Future studies might benefit from using a 

biopsychosocial model to explore fatigue and sleep disturbances following brain injury. 
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Samenvatting 
 

Niet-aangeboren hersenletsel (NAH) is een overkoepelende term voor letsel aan de hersenen 

dat ontstaan is na de geboorte, en kan verdeeld worden in traumatische hersenletsel (THL) 

en niet-traumatische hersenletsel. De studies in deze thesis focusten zich vooral op 

middelzwaar tot ernstige traumatisch hersenletsel (THL), dit is een verstoring in het 

functioneren van het brein dat ontstaat door een oorzaak buiten het lichaam, zoals een 

verkeersongeluk of een val. In het ziekteproces na alle vormen en ernst van NAH komen 

slaapproblemen en vermoeidheid veel voor, zowel in de initiële herstelfase als meerdere 

jaren na het letsel. Deze symptomen hangen vaak samen met verminderd sociaal, fysiek, 

cognitief en algemeen functioneren. Dit kan leiden tot een verminderde capaciteit voor het 

uitvoeren van activiteiten zoals werk, studeren, vrijetijdsactiviteiten en het kan leiden tot 

minder functionele onafhankelijkheid en het kan een negatieve invloed hebben op sociale 

relaties. We begrijpen nog steeds weinig van vermoeidheid en slaapproblemen na NAH en de 

onderliggende gedragsmatige en neurologische, en bijbehorende factoren vereisen nader 

onderzoek. 

 

In hoofdstuk 2, worden de resultaten van een observationele cross-sectioneel onderzoek, 

waarin de construct validiteit van prestatie op de Psychomotor Vigilance Task (PVT) voor het 

meten van vermoeidheid in mensen met NAH, besproken. De PVT is een simpele 

reactietijdtaak die gevoelig is voor slaaptekort en vermoeidheid. Aan dit onderzoek namen 

54 mensen met NAH deel en hun prestaties op de PVT werden vergeleken met 61 gezonde 

controles (GC). Deelnemers met NAH presteerden slechter op de PVT vergeleken met GC. 

Binnen de NAH-groep werd slechtere prestatie op de PVT geassocieerd met meer algemene 

vermoeidheid en meer vermoeidheid op dat moment, wat convergente validiteit aangeeft. 

Echter, werden daarnaast ook slaperigheid overdag en stemming geassocieerd met prestatie 

op de PVT, dit geeft een gebrek aan divergente validiteit aan. Na controle voor slaperigheid 

overdag en stemming was algemene vermoeidheid niet meer een significante voorspeller 

voor prestatie op de PVT, terwijl vermoeidheid op dat moment wel een voorspeller bleef. 

Deze resultaten laten zien dat prestatie op de PVT niet gebruikt kan worden als een specifieke 

maat voor vermoeidheid, maar dat dit misschien een meer algemene maat is voor de ernst 

van symptomen die vaak voorkomen na NAH zoals vermoeidheid, stemming en slaperigheid 
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overdag. De PVT zou daarom gebruikt kunnen worden om het effect van interventies die 

bedoeld zijn om deze symptomen te verminderen te onderzoeken. 

 

Hoofdstuk 3 bespreekt de resultaten van een exploratief case-control onderzoek, waarin 

onderzocht werd of dezelfde hoeveelheid mentale inspanning tot vergelijkbare gevoelens van 

vermoeidheid leidt bij mensen met THL en GC, en of gevoelens van vermoeidheid op 

eenzelfde tempo afnemen bij mensen met THL in vergelijking met GC. Er wordt gesuggereerd 

dat vermoeidheid na THL veroorzaakt wordt door de constante extra inspanning die nodig is 

om informatieverwerkingsproblemen te overwinnen. Aan dit onderzoek namen 20 

deelnemers met THL en 20 gematchte GC deel. Om inzicht te krijgen in de relatie tussen 

inspanning en vermoeidheid, voerden deelnemers een adaptieve N-back taak uit, waarbij de 

moeilijkheidsgraad van de taak zich aanpaste aan de prestaties, hierdoor moesten beide 

groepen een aanzienlijke hoeveelheid mentale inspanning leveren. De belangrijkste 

uitkomstmaten waren subjectieve mentale inspanning na voltooiing van de taak en 

vermoeidheidsniveaus voor en in de 30 minuten na de taak. Deelnemers met THL 

rapporteerden hogere niveaus van vermoeidheid en inspanning in vergelijking met GC. Er was 

een positieve associatie tussen inspanning en vermoeidheid en deze relatie was niet 

verschillend tussen de groepen. Bovendien verschilde de herstelcurve van vermoeidheid niet 

tussen de groepen. Dit onderzoek kon dus niet de hoge niveaus van vermoeidheid na THL 

verklaren door een hogere kwetsbaarheid voor de vermoeidheid-inducerende effecten van 

mentale inspanning of een langzamer herstel van vermoeidheid bij mensen met THL in 

vergelijking met GC. Deze resultaten suggereren dat vermoeidheid beter kan worden 

verklaard door de complexe eisen van het dagelijks leven, zoals externe factoren (omgeving, 

multitasking etc.) en interne factoren (emoties, ruminatie ect.). 

 

In hoofdstuk 4, werd onderzocht of overmatige gevoelens van vermoeidheid na THL verklaard 

konden worden met functionele connectiviteit in rusttoestand (rsFC). In dit case-control 

onderzoek, ondergingen deelnemers functionele magnetische-resonantiebeeldvorming in 

rusttoestand en beoordeelden hun vermoeidheidsniveau voor en na een vermoeidheid-

inducerende taak (adaptieve N-back taak zie hoofdstuk 3). Er werden 16 deelnemers met 

middelzwaar tot ernstige THL en 17 gematchte GC geïncludeerd. De adaptieve N-back-taak 

was effectief in het induceren van vermoeidheid in beide groepen. Seed-to-voxel analyses 
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werden uitgevoerd met seeds in gebieden die betrokken zijn bij mentale vermoeidheid, 

namelijk het striatum en default mode network (DMN), inclusief mediale prefrontale cortex 

en posterior cingulate cortex. Deze analyses onthulden dat rsFC tussen het striatum en 

precuneus positief geassocieerd werd met subjectieve taak-geïnduceerde vermoeidheid bij 

mensen met THL, terwijl er een negatieve associatie was bij GC. Daarentegen was rsFC tussen 

het striatum en cerebellum negatief geassocieerd met subjectieve taak-geïnduceerde 

vermoeidheid in de THL-groep, terwijl er geen associatie was in GC. Vergelijkbare associaties 

tussen taak-geïnduceerde vermoeidheid en DMN rsFC werden gevonden in de groepen. Deze 

resultaten suggereren dat de subjectieve ervaring van vermoeidheid in beide groepen 

verband hielden met DMN-connectiviteit en anders werd geassocieerd met striatale 

connectiviteit bij mensen met THL in vergelijking met GC. Verdere kennis van striatale 

connectiviteit als een neuraal correlaat van vermoeidheid zou ons begrip van de 

mechanismen achter vermoeidheid bij mensen met THL kunnen vergroten en misschien 

helpen bij de diagnose en behandeling van vermoeidheid. 

 

Hoofdstuk 5, richt zich op slaap na THL en presenteert de resultaten van een cross-sectioneel 

onderzoek naar de bidirectionele relatie tussen fysieke activiteit en slaap. Dagelijkse 

associaties tussen slaap en fysieke activiteit werden onderzocht bij 64 mensen met THL met 

behulp van actigrafie en het bijhouden van een slaapdagboek gedurende 14 opeenvolgende 

dagen. De resultaten toonden geen verband tussen fysieke activiteit overdag en slaapduur of 

continuïteit de volgende nacht. Daarentegen werd beter doorslapen gedurende de nacht en 

een kortere slaaptijd geassocieerd met meer lichte fysieke activiteit gedurende de volgende 

dag. Deze resultaten suggereren dat slaap meer invloed heeft op fysieke activiteit dan fysieke 

activiteit op slaap bij mensen met THL. Daarom kan het verbeteren van de slaapkwaliteit 

belangrijk zijn om een fysiek actieve levensstijl bij mensen met THL aan te moedigen. 

 

Hoofdstuk 6 beschrijft het onderzoeksprotocol van een longitudinaal multicenter 

observationeel cohortonderzoek waarin het beloop van vermoeidheid en slaapstoornissen 

gedurende 1.5 jaar na middelzwaar tot ernstig THL wordt onderzocht. De factoren die ten 

grondslag liggen aan het ontstaan van aanhoudende vermoeidheid en slaapstoornissen 

worden onderzocht met een biopsychosociaal model, waarin biologische factoren (bijv. ernst 

van het hersenletsel en pijn), psychologische factoren (bijv. emotionele toestand) en sociale 
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factoren (bijv. ondersteuning vanuit de omgeving en participatie) zijn opgenomen. De 

verwachting is dat al deze factoren kunnen bijdragen aan vermoeidheid en slaapstoornissen, 

maar dat de relatieve bijdrage van elke factor in de loop van de tijd kan veranderen. Het 

onderzoek bestaat uit vier meetpunten op 3, 6, 12 en 18 maanden na het letsel, inclusief 

subjectieve vragenlijsten en cognitieve taken, voorafgegaan door 7 nachten actigrafie in 

combinatie met een slaapdagboek. Identificatie van beïnvloedbare factoren zoals stemming 

en psychosociale stressoren kan richting geven aan de ontwikkeling van interventies voor 

vermoeidheid en slaapproblemen na THL. 

 

Hoofdstuk 7 beschrijft een algemene discussie en geeft reflectie op de belangrijkste 

bevindingen van dit proefschrift, samen met de implicaties en beperkingen. Dit hoofdstuk 

eindigt met suggesties voor toekomstig onderzoek. De hoge niveaus van vermoeidheid na 

THL gemeten in de studies van dit proefschrift konden niet worden verklaard door een hogere 

kwetsbaarheid voor de vermoeidheid-inducerende effecten van inspanning of langzamer 

herstel van taak-geïnduceerde vermoeidheid. Veranderingen in striatale connectiviteit kan 

echter een neuronaal correlaat van vermoeidheid zijn na THL en zou verder kunnen worden 

onderzocht om mogelijk te helpen bij de diagnose en behandeling van vermoeidheid. 

Nachtelijke variatie in slaap kan de fysieke activiteit de volgende dag beïnvloeden, wat 

suggereert dat het verbeteren van de slaapkwaliteit relevant kan zijn om een fysiek actieve 

levensstijl bij mensen met THL te ondersteunen. Toekomstige studies kunnen baat hebben bij 

het gebruik van een biopsychosociaal model om vermoeidheid en slaapstoornissen na 

hersenletsel te onderzoeken. 
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Impact paragraph 
 

Worldwide millions of people sustain a brain injury each year. These can have external causes 

such as falls or traffic accidents leading to traumatic brain injury or internal such as problems 

with the blood supply causing a stroke. These brain injuries are a major cause of mortality and 

long-term disability, which places a high burden on society. Sleep disturbances and fatigue 

are amongst the most disabling symptoms following brain injury. Sleep disturbances may 

include trouble falling asleep or staying asleep. Fatigue has been compared to having a phone 

with an old battery that is easily out of supplies and needs longer times to recharge. In 

addition, the more you ask from it the faster the battery runs empty. Living with accelerated 

fatigue and prolonged periods of time to recover can be considered a handicap. People with 

a brain injury might therefore not be able to perform the same number of activities or tasks 

as a person without a brain injury. This can have a large negative impact on daily functioning, 

for example, a person might not be able to return to work, visit social events or perform 

leisure activities, which might lead to a reduced quality of life. Furthermore, some of the 

consequences of a brain injury, including fatigue and sleep disturbances, are not directly 

visible to the environment, for example, there is no need for a wheelchair or other physical 

aids. Therefore, the environment might struggle to acknowledge and understand these 

symptoms.  

Despite this large impact and the high frequency of symptom reporting among 

patients, the experience of fatigue and sleep disturbances following brain injury is still poorly 

understood. This thesis, therefore, explored fatigue and sleep disturbances following brain 

injury. Sharing our results via diverse routes (see activity section), might raise more awareness 

of the high prevalence of fatigue and sleep disturbances following brain injury and the 

consequences of these symptoms. This is important for people with a brain injury because it 

will give rise to better treatments, help their environment understand these symptoms, and 

might increase support. Furthermore, clinicians and caregivers such as the partner or family 

might start exploring or help recognise which situations trigger sleep disturbances or fatigue, 

for example, social occasions, stress, or busy environments with many stimuli. This way these 

symptoms could be controlled and possibly minimized.  

In addition, a better understanding of the underlying factors associated with fatigue 

and sleep disturbances might aid the development of new treatments aimed at reducing 
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fatigue and sleep disturbances following brain injury. The results of this thesis can therefore 

be relevant for researchers and a broad range of clinicians, people with a brain injury, and 

their social environment.  

 

Objective measure of fatigue 

Questionnaires used to assess fatigue often ask about a period in the past such as ‘how 

fatigued were you feeling the last month’. This might be difficult to answer, particularly for 

people with a brain injury who have trouble with their memory. In addition, people could 

think back about the worst fatigue they had in that period or the most recent experience and 

might therefore over- or under-report their symptoms. Objective measures of fatigue are thus 

recommended. As an objective measure of fatigue, we tested a reaction time task, in which 

participants had to respond as fast as possible by pressing a button every time they saw a 

visual stimulus. We found that people with a brain injury who responded slower also reported 

more fatigue and related symptoms such as depressive symptoms and daytime sleepiness. 

This finding is relevant for other researchers and clinicians such as neuropsychologists and 

occupational therapists who want to include objective measures of these symptoms in their 

assessment in addition to subjective self-report. Objective measures are also important for 

people with a brain injury. Task performance can be used to provide insight into their own 

performance or might be a way for people with a brain injury to show their environment that 

there is a problem since only self-report is sometimes not taken seriously. Furthermore, to 

provide insight into the symptom dynamics the clinician could for example show a person 

with a brain injury their own reaction time to indicate if it is within a normal range or not and 

thus, whether the consequences of sleepiness or fatigue are as threatening as the person 

might think. In addition, task performance could also be used to demonstrate the effect of a 

treatment. Feeding back the person's own data can be a meaningful way to give people more 

insight and control over their own complaints. However, future research is necessary to 

examine if a specific decrease in reaction time is associated with an improvement in 

symptoms including fatigue and sleepiness.  
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The role of the environment 

We found that people with a brain injury recovered from a demanding task at the same rate 

as people without brain injury. However, people with brain injury reported higher levels of 

fatigue at the start of the experiment. This suggests that fatigue following a brain injury might 

be better explained by incorporating the demands and influences from the environment. 

These could be external factors such as trying to focus attention (for example reading) in a 

noisy environment or having to perform multiple tasks at once (dividing attention) or internal 

factors such as emotional reactions, feeling anxious for an assessment, or constantly thinking 

about how fatigue or sleep problems might affect daily life. For example, people with a brain 

injury could have been more fatigued at the start of the experiment because they had to drive 

to the research institute or take public transport, which could be more exhausting or stressful 

when you are easily overstimulated. It is thus important to take the environment and other 

factors into account when examining fatigue and sleep disturbances.  

For people with a brain injury, this finding is important to help them better understand 

their fluctuations in levels of fatigue. For clinicians trying to help people with a brain injury 

who experience fatigue, it is important to be aware of possible tasks, situations, or other 

symptoms that could contribute to fatigue. They could for example recommend the use of a 

registration system (for example a diary) to explore when a person with brain injury gets 

fatigued and which situation or emotional state preceded this fatigue.  

Researchers who are comparing people with a brain injury to people without a brain 

injury should take into account fatigue levels at the start of assessment since these might 

influence performance. In addition, researchers could also try to minimize these baseline 

differences, for example by performing assessments at the home of the person with a brain 

injury to prevent fatigue from travelling to the research institute. 

 

Sleep and physical activity 

In the general population, sleep and physical activity are thought to be related to each other. 

We examined this relationship in people with a brain injury and showed that physical activity 

during the day is not a good predictor of sleep quality the following night. However, sleep was 

a predictor of physical activity the next day. Therefore, sleep may have more of an influence 

on physical activity than physical activity has on sleep in people with a brain injury. This finding 
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is important for clinicians treating people with a brain injury, including (neuro)psychologists, 

psychiatrists, physical therapists, and occupational therapists. It indicates that treatment 

should focus on improving sleep first because sleep affects physical activity and not the other 

way around. For people with a brain injury, this is important since improving sleep might thus 

lead to increased physical activity. This might also lead to increased societal participation 

because more energy to be physically active could mean that a person could perform leisure 

activities again or start working.  

 

Future treatment options 

People with a brain injury, their environment, and clinicians would benefit most from effective 

treatment for fatigue and sleep disturbances following brain injury. At the moment, there is 

still a lack of proper treatment for these symptoms. The existing treatments consist of 

psychoeducation / psychological treatment, which provide insight and strategies to cope with 

fatigue and sleep disturbances. In addition, sleep medication or alerting substances might be 

used but these often have side effects and cannot be used for longer periods of time. Some 

studies suggest that light therapy could help alleviate fatigue. However, knowing which 

factors might enhance or maintain fatigue and sleep disturbances over time might provide 

new opportunities for treatment. To better understand these possible factors, it is necessary 

to follow people with a brain injury for a longer period of time to examine whether changes 

in mood or participation might maintain or enhance fatigue or sleep disturbances. These 

relationships are currently explored in an ongoing study. Better treatment options for fatigue 

and sleep disturbances could significantly improve the quality of life of people with a brain 

injury in the future. 

 

Activity 

The knowledge collected with the research described in this thesis has been and will be 

communicated in several ways. First, via publications in international and national journals to 

share our knowledge with other researchers. Chapters two, five, and six have already been 

published, and two of these chapters are in open access journals, so accessible for everyone. 

Second, the results are communicated via presentations at national and international 

conferences such as the Limburg Brain Injury Centre symposium and activities during the 
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brain awareness week, meeting of the Dutch Institute of Psychologists, and the Conference 

in Neuropsychological Rehabilitation of the Special Interest Group of the WFNR. These 

conferences are visited by clinicians as well as researchers. Furthermore, the online version 

of the Limburg Brain Injury Centre symposium is also followed by people with brain injury and 

people of patient associations thereby spreading the results to a broad audience. Findings 

have also been shared via online platforms such as LinkedIn, Twitter, and Facebook. 

Furthermore, results are shared directly with colleagues via research days and informal 

interactions. In addition, the results could be shared at informal low threshold events such as 

“brain cafes” where people with a brain injury and their caregivers could be informed about 

the results. 
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bellen we elkaar nog af en toe. Jij neemt altijd alle tijd om te helpen en me gerust te stellen 

als ik weer eens in de stress schiet, bedankt daarvoor. 

Ik kijk uit naar onze verdere samenwerkingen in de toekomst! 
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hun tijd om mijn publieke verdediging mogelijk te maken.  

 

Een hele speciale dank aan alle deelnemers van de onderzoeken. Zonder hen zou dit 
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